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1 INTRODUCTION 
 
Characterisation of surface sediments in rivers, estu-
aries and offshore can be challenging because the 
sediments are often very soft, and special and costly 
equipment is needed to obtain undisturbed samples. 
In-situ testing, for example using cone penetration 
tests, can provide useful information, however be-
cause of the cost and time associated with deploy-
ment this is often impractical for all but major pro-
jects. An alternative is to make use of simple and 
relatively lightweight free falling penetrometers 
(FFP). These provide an indication of soil strength 
and in some cases additional sensors enable soil type 
and state to be evaluated. For most free falling pene-
trometers accelerometers are used to track the mo-
tion and this data is used in simple force balanced 
equations to determine the soil strength. Evaluation 
of soil strength is not straightforward because of un-
certainties in the magnitude of rate effects and the 
effects of soil drag associated with the rapid penetra-
tion.   

There are two main types of FFP; full-shafted 
that have identical shaft and tip diameters, and thin-
shafted that have tip diameters larger than the shaft. 
Full shafted penetrometers are similar to standard 
CPT devices and can provide similar data. However, 
the different shaft and tip responses, and differences 
in rate effects complicate interpretation of the dy-
namic response. Thin-shafted penetrometers are 
generally only instrumented with a single accel-
erometer so that their ability to distinguish soil type 

is limited, however, the absence of shaft resistance 
(Hurst & Murdoch 1991), makes interpretation of 
the data much simpler. This paper describes the de-
velopment and application of a new thin-shafted de-
vice. The new device builds on experience from an 
extensive series of laboratory model scale tests of a 
miniature FFP (Chow and Airey, 2014) and the 
method of interpretation developed in that study 
(Chow and Airey, 2013). 

An important goal of this project was also to 
demonstrate the ability of cheap and widely availa-
ble components and open source software to be uti-
lized to create the instrumentation package (Surjadi-
nata and Airey, 2015). The instrumentation package 
makes use of a low cost inertial measurement unit 
(IMU). These units contain multiple sensors includ-
ing a three axis accelerometer and a three axis gyro-
scope that generate measurements of linear accelera-
tion and angular velocity, respectively. To date 
applications of IMUs in geotechnical applications 
are rare, however, they have also been used by 
Blake et al (2016) in other types of dynamic penetra-
tion test. 

The newly designed thin-shafted penetrometer 
has been used to investigate the soil strength of the 
Lower Murray River. Between 2008 and 2011, 68 
bank failures were recorded by the South Australian 
Department of Water, Environment and Natural Re-
sources (2016) between Blanchetown and Welling-
ton on the Lower Murray River. These riverbank 
collapses are believed to be due to historically low 
river levels and the presence of soft clays. Back 
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analyses of the failures have been based on soil 
strength data primarily obtained from CPT meas-
urements obtained on the river banks. The FFP tests 
will allow the strength profile across the river to be 
explored and will assist in constraining the back 
analysis of the failures and improve understanding 
of the failure mechanisms. 

2 APPARATUS AND PROCEDURE 

2.1 Free Falling Penetrometer Apparatus 

Figure 1 shows the configuration of the FFP device. 
The design of the penetrometer required considera-
tion of weight, geometry, internal member strength, 
instrumentation and provision of a waterproof mod-
ule to allow underwater use. The mass of the pene-
trometer determines the momentum of the pene-
trometer at impact, and as a result determines the 
penetration depth. However, there are limits to the 
mass as if it is too high the ease of deployment and 
recovery from the riverbed would require special 
equipment and also any increase in size could in-
crease fluid drag. The mass of the penetrometer was 
made variable with the addition of slots on the shaft 
for additional weights. The maximum mass of the 
penetrometer used was 11.5kg, although this could 
be increased by adding further weights. 

The tip shape and size have been found to have 
negligible effect on the interpreted soil resistance 
(Chow and Airey, 2014), but increasing tip size in-
creases the resistance and thus reduces the depth of 
penetration. Tip diameters which varied between 30 
mm and 50 mm have been used in the current tests.  

A shaft diameter of 20 mm was used. The diame-
ter needed to be sufficient to: resist buckling on im-
pact into a hard soil; damage during handling, and to 
be broken down into sections for ease of transport. It 
was also required that the device had sufficient 
strength to be extracted from the soil. 

The instrumentation was contained in a thin-
walled aluminium cylindrical module, 80 mm in di-
ameter and 130 mm long. The module was mass 
balanced about the axis of the cylinder and four 
small fins were attached to the outside of the module 
to prevent rotation when falling under gravity. The 
instrumentation module housed a Razor IMU, a 
breakout board, a Raspberry Pi microcomputer, a 
microSD data card, a WiFi dongle and a battery 
pack. These components are all widely available and 
had a total cost of A$190. The IMU incorporates 
three sensors, a triple axis gyroscope, a triple axis 
accelerometer and a triple axis magnetometer pro-
ducing 9 degrees of inertial measurement. The three 
sensors are all processed through an on-board mi-
crocontroller and data output over a serial interface. 
The sensor chip responsible for the triple axis accel-
erometer is the ADXL345. The ADXL345 is a  

 

 
Figure 1. Schematic diagram of the FFP device 

 
small, thin, low power, 3-axis accelerometer with 
range of ±16g and a resolution of 13 bits. The IMU 
was controlled from the microcomputer and data 
stored on the microSD card. Software provided with 
the IMU allowed all 9 channels to be logged at a rate 
of 50 Hz, which was not considered sufficient. The 
control software was modified to allow either the 3 
accelerometers to be logged at a rate of 250 Hz or 
just the vertical acceleration to be logged at a rate of 
750 Hz. Preliminary tests showed that the device fell 
vertically and without rotation and in the tests re-
ported below only the vertical acceleration has been 
recorded at the maximum logging rate. 

2.2 Test procedure 

The measurement of the undrained shear strength 
along the Lower Murray River required equipment 
for deployment and retrieval of the penetrometer, as 
well as transportation upstream and downstream the 
river.  

A small motor boat was used as the main pene-
trometer deployment vessel. To retrieve the pene-
trometer nylon rope with 300 kg tensile capacity was 
attached to the motor boat and the top of the FFP 
device. To start a test the FFP device was lowered 
into the water, as shown in Figure 2, and held verti-
cally on the side of the motor boat. The data logging 
program was then initiated from a laptop on the mo-
tor boat that sent control commands wirelessly to the 
module’s microcomputer. The logging program was 
set to run for 2 minutes and then the penetrometer 
was released and allowed to fall freely. After a test 
the penetrometer was retrieved using the rope and 
when it was out of the water the data could be down-
loaded wirelessly. The data could also be transmitted 
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through a wired connection but this required break-
ing the seal on the instrumentation module, which 
was undesirable in the small craft used for deploy-
ment. The battery and data storage were sufficient to 
allow several drops to be performed each day. 

2.3 Data Interpretation 

The motion of the FFP can be described by: 𝑚𝑚𝑚𝑚 =   𝑊𝑊 −  𝐹𝐹𝑑𝑑  −  𝐹𝐹𝑡𝑡              (1) 

where m is the mass, a the measured acceleration, W 
the submerged weight, Fd the drag force, and Ft the 
soil tip resistance. 

Laboratory studies reported by Chow and Airey 
(2013) have shown that the tip resistance can be de-
termined using: 𝐹𝐹𝑡𝑡  =   𝑠𝑠𝑢𝑢 𝐴𝐴 𝑁𝑁 𝑅𝑅                 (2) 

where su is the undrained strength at the reference 
penetration rate, A is the cross-sectional area of the 
tip, N is a bearing capacity factor taken as 10.8, and 
R is a rate factor given by 𝑅𝑅 = 1 + (1.926 − 0.023 𝑠𝑠𝑢𝑢) (1 − 𝑒𝑒−0.01𝑣𝑣 𝑣𝑣𝑟𝑟𝑟𝑟𝑟𝑟⁄ ) (3) 

where v is the velocity of penetration, and vref the 
reference penetration rate. 

Combination of equations 1 to 3 enables the un-
drained strength to be evaluated. It should be noted 
that the drag force, which arises mainly from the 
motion of the instrumentation module through the 
water, is also a function of velocity. This force has 

been estimated from the initial stage of the test 
where the device is falling through water. 

3 RESULTS 

The Lower Murray River test sites are located in 
reaches of the channel that are incised into an exten-
sive layer of soft lacustrine clay deposited between 
6,000 and 2,000 years before the present day (Hub-
ble and De Carli 2015). CPTs conducted on the river 
banks have indicated that a 10 to 20 m thick soft 
clay layer is present with undrained strength varying 
from 10 ± 5 kPa at river level increasing with depth 
at a rate of about 1 kPa/m (Liang et al, 2012). Water 
depths in the centre of the 200 m wide channel typi-
cally vary from 10 to 20 m. 

A typical CPT result is shown in Figure 3 (from 
Hubble et al, 2014). The CPT test was performed 
from a stable platform situated about 3 m out from 
the waterline of this regulated river’s channel mar-
gin. There is some sand at the soil surface, derived 
from fill on the riverbank and then a uniform clay 
deposit with qc increasing linearly with depth. There 
is a suggestion of softening in the upper 5 m as for 
these depths qc values drop below the linear trend 
that is evident in Figure 3 for depths greater than 7.5 
m. CPT results at various locations along a 50 km 
stretch of the river have shown practically identical 
responses. In several locations a very soft layer of 
recently sedimented clay, up to 2 m thick, overlies 
the older consolidated clay. The presence of a soft 
and possibly mobile upper layer and softening in the  

 

Figure 2. Deployment of the Free Falling Penetrometer 
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Figure 3. Typical CPT response (after Hubble et al, 2014) 
 

clay associated with river incision has important im-
plications for river bank stability. The FFP is an ide-
al tool to investigate these aspects which primarily 
influence the surficial layers. 

To enable comparison of the FFP and CPT re-
sponses two FFP drops were conducted within 20 m 
of the location (Riverglen marina) of the CPT shown 
in Fig 3. They could not be performed closer be-
cause the FFP tests had to be performed in water 
depths of about 4 m to allow the device to reach 
close to its terminal velocity. 

 A comparison of the undrained strengths esti-
mated from the static and dynamic penetrometers is 
shown in Figure 4. This figure shows the undrained 
strength as a function of depth below the water level 
in the river. The two FFP drops showed similar re-
sponses and penetrated on average 0.75 m after im-
pacting the soil at a similar water depth of 3.5 m. 
The FFP drops show that there is a soft layer, about 
0.1 m thick, over the consolidated clay, and that 
from 3.65 m to 4.2 m the strengths are similar, or 
slightly lower, than that estimated from the adjacent 
CPT, for which the mean qnet was 0.13 MPa. The 
similarity of the responses suggests that the method 
of interpretation of the dynamic loading is providing 
reasonable values of the undrained strength. Howev-
er, the tests were performed at different points down 
the slope and although the undrained strength is ex-
pected to vary linearly with depth from the original  

Figure 4. Comparison of strengths from FFP and CPT 

 
clay surface, some softening of the clay would be 
expected near the surface associated with the stress 
reduction from the erosion of overburden caused by 
the river.  If the FFP data are correctly indicating the 
strength then at this location, close to the bank, there 
is apparently little softening of the clay. It can also 
be seen from Figure 4 that the dynamic FFP re-
sponses are more sensitive to slight variations in soil 
characteristics and it is notable that all three tests 
pick up a weak layer at 4 m. In the final 0.1 m of 
penetration both FFP responses indicate a rapid in-
crease in soil strength. This is believed to be a con-
sequence of equation (3), which accounts for the rate 
effects associated with the rapid penetration, not re-
sponding correctly as the penetrometer is slowing 
rapidly to a halt, a response which has also been ob-
served in laboratory tests (Chow and Airey, 2014). 
To allow for this effect would significantly increase 
the complexity of the equations and detract from the 
simplicity of the method of interpretation. 

An alternative method of assessing the reliability 
of the FFP strength interpretation is to compare the 
results of a series of drops with different sized tip 
diameters. Results are presented for FFP drops at 
two locations, Woodlane Reserve in Figure 5 and 
Theile Reserve in Figure 6. In both locations the 
tests were performed about 50 m from the river bank 
in water depths of about 9 m. Because the boat was 
not anchored the exact locations of the drops varied,  
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Figure 5. Effect of tip diameter, Woodlane Reserve 

 
but were estimated to be within 20 m of one another. 
Figure 5 shows that essentially the same strength 
profile is obtained, which is independent of the tip 
diameter. However, the resistance to penetration in-
creases with tip diameter and the penetration reduces 
from 1.8 m with a 30 mm tip to 1.25 m with a 40 
mm tip and 0.95 m with the 50 mm tip. Figure 6 
shows a very similar picture with penetrations of 1.9 
m, 1.5 m and 1.1 m for the 30 mm, 40 mm and 50 
mm tips respectively. Figure 6 shows that the 30 mm 
tip indicates slightly higher soil strengths from 0.4 m 
on, but this is probably a consequence of a slightly 
different FFP position, as across the river water 
depths and the strength of the soft clay layer varied. 
It should also be noted that for penetrations greater 
than 1.9 m, as at Theile Reserve with the 30 mm tip, 
the instrumentation module contacts the soil and af-
ter this the interpreted strength is meaningless. 

It is also evident from the low strengths in both 
Figures 5 and 6 that a layer of soft and relatively re-
cent sediment overlies the consolidated clay deposit. 
At depths of 9 m an undrained strength of between 
15 kPa and 20 kPa was expected from the measure-
ments on the river margins. However, this consoli-
dated layer cannot be observed at either site. The 
Theile Reserve results suggest higher strengths be-
yond depths of 1.8 m, but as discussed above these 
may be unreliable because of problems with inter-  

 
Figure 6. Effect of tip diameter, Theile Reserve 

 
preting the strength in the final 0.1 m of penetration 
and because of the impact of the instrumentation 
module with the soil surface. 

4 DISCUSSION 
 
One of the objectives of this project was to explore 
the capabilities of cheap and readily available IMUs, 
microcomputers, computer accessories, and associ-
ated open source software. One of the limitations of 
these low cost devices is their data processing speed. 
As explained by Blake et al (2016) to fully describe 
the motion of a falling penetrometer like device re-
quires three accelerometers and three gyroscopes. 
However, the serial data rate of 50 Hz from the IMU 
was not considered sufficient to accurately capture 
the response of the penetrometer when it impacts the 
soil. It was decided to capture only the vertical ac-
celeration as this allowed data to be captured at over 
700 readings per second. Provided the device falls 
vertically the motion will be correctly captured, and 
to ensure this care was taken to balance the instru-
mentation module and provide fins to minimise any 
rotations. Typical acceleration and velocity data as a 
function of time are shown in Figure 7 for a drop 
with a 30 mm tip diameter. This figure shows that as 
the FFP falls through the water the acceleration ini-  
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Figure 7. Typical acceleration and velocity records 

 
tially increases rapidly and then slowly reduces to 
zero as a terminal velocity of about 4.7 ms-1 is 
reached. Slightly lower terminal velocities were at-
tained with larger tips. The FFP needs to fall about 
3.5 m to reach its terminal velocity and as the device 
is 2 m long, water depths of 5.5 m are required to 
reach this speed.  The spikes in the response as the 
FFP falls through the water are believed to be 
caused by the retrieval rope, and occurred at similar 
times in all the tests. Impact with the soil can be 
clearly detected from the sudden deceleration at time 
of 2 seconds even though the strength of the soil was 
only of the order of 2 kPa. In the soft clay investi-
gated the rate of data recording has provided a very 
detailed picture of the penetration which typically 
took 0.5 s to 1 s. 

5 CONCLUSIONS 
 
A low cost thin-shafted free falling penetrometer has 
been developed which is easy to use and can provide 
fast and accurate measurement of undrained shear 
strength in soil above or underwater. The method of 
interpretation developed from laboratory tests in ka-
olin has been shown to provide reasonable strength 
estimates in the field. Penetrations of up to 2 m have 

been obtained in soft clay and the time to drop and 
retrieve the penetrometer is typically 3 minutes. 

 More testing in a variety of soils is required to 
investigate the capabilities of the FFP. It has been 
demonstrated that the FFP is capable of producing 
repeatable results and these results are independent 
of the tip diameter and mass. However, to achieve 
the full penetration optimisation of tip diameter and 
FFP mass will be required.  

The field study revealed that there were signifi-
cant depths of soft, relatively recent deposits of clay 
overlying the original clay layer, the extent of which 
had not previously been realised. The results also 
suggested some softening of the surface clay has oc-
curred, which could be significant for the analysis of 
the majority of the failures of the river banks which 
are relatively shallow. 
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