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1 INTRODUCTION 

The T-bar penetrometer was developed initially as a 
laboratory device to assess the undrained shear 
strength profile of test samples in a centrifuge 
(Stewart & Randolph 1991). It is now also used 
widely for offshore site characterisation of soft sed-
iments as an alternative or supplement to conven-
tional cone penetration tests due to its advantages 
over the cone penetrometer (Low et al. 2010). 

While T-bar testing procedures are well estab-
lished (DeJong et al. 2010), there is limited infor-
mation in the literature about the technological as-
pects of small scale T-bar devices and how factors 
independent of the soil sample may affect the meas-
urements of the penetration resistance. In this paper, 
a series of centrifuge tests using T-bar penetrometers 
with different strain gauges protective coatings, pro-
vide a basis for identifying and quantifying various 
factors that erroneously affect the measured penetra-
tion resistance.  

2 EXPERIMENTAL PROGRAMME 

2.1 Centrifuge testing 

The T-bar penetration tests were performed in the 
beam centrifuge at the University of Western Aus-
tralia (Randolph et al. 1991). The centrifuge is an 
Accutronic Model 661 geotechnical centrifuge with 
a swinging platform radius of 1.8 m and rated at 40 
g-tonnes. The penetrometer tests were carried out ‘in 

flight’ at 100 g. The swinging platform of the centri-
fuge seats rectangular ‘strongboxes’ that have plan 
dimensions of 650  390 mm and are 325 mm deep. 
All test results presented and discussed in the paper 
are in model scale units unless stated otherwise. 

2.2 T-bar penetrometer and protective epoxy 

The T-bar penetrometer used in the centrifuge exper-
iments consists of a cylindrical bar, 5 mm in diame-
ter (D) and 20 mm in length (L) such that the pro-
jected area is 100 mm

2
. The penetrometer is attached 

perpendicularly to the end of a shaft with a diameter 
of 5 mm, giving a shaft to T-bar projected area ratio 
of about 0.2.  

  
 
Figure 1. T-bar penetrometer with (a) hard and (b) soft epoxy 
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ABSTRACT: T-bar testing procedures and bearing factors are now well established, enabling assessment of 
sample shear strength profiles from penetration measurements. However, there is limited information in the 
literature about the technological aspects of small scale T-bar devices and how factors independent of the soil 
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gates and evaluates a variety of factors that may affect the measurement of penetration resistance in normally 
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as in a calibration chamber. 



The strain gauges that measure the force required 
to penetrate and extract the penetrometer are located 
on the penetrometer shaft, immediately above the 
cylindrical bar and are protected with an epoxy coat-
ing. Two penetrometers with different epoxy coat-
ings were used to explore the effect of coating stiff-
ness on T-bar performance. The epoxies were 
FR251 epoxy, produced by Fibreglass & Resin Sales 
Pty Ltd, and the Devcon product Flexane 80 liquid 
15800. These can broadly be classified as hard and 
soft, denoted ‘H’ and ‘S’ respectively. The T-bar 
penetrometers with both hard and soft epoxy are 
shown in Figure 1. 

2.3 Sample preparation 

The clay was prepared by mixing commercially 
available kaolin clay powder with water to produce 
slurry with a water content of 120%. The slurry was 
then poured into the strongbox, transferred to the 
beam centrifuge, and spun at 100 g to achieve self-
weight consolidation. After 3 days, additional slurry 
was added to the sample to compensate for sample 
settlement of about 80 mm. The strongbox was spun 
for a further 4 days before the first T-bar test was 
conducted. The sample height after spinning of 7 
days was measured to be 233mm. If a mean coeffi-
cient of consolidation cv = 2 m

2
/yr (0.063 mm

2
/s) is 

taken (Stewart 1992), a consolidation ratio of 0.98 
(cvt/h

2
 exceeding unity, taking h as half the sample 

thickness) is achieved. 

2.4 Testing programme 

To isolate and quantify the factors influencing 
measurements registered by the T-bar penetrometer 
in a centrifuge environment, a series of T-bar pene-
tration tests were carried out in air, in water, and in 
normally consolidated kaolin clay.  

2.5 Penetration speed and path 

In air and water, a full penetration-extraction cycle 
with a maximum depth of 200 mm was performed. 
In soil, following a full penetration-extraction cycle, 
20 penetration cycles were performed with an ampli-
tude of 20 mm (4 T-bar diameters) at an average 
depth of 140 mm (Zhou & Randolph 2009).  

The T-bar was penetrated and extracted at a ve-
locity, v = 1 mm/s such that the normalised velocity, 
vd/cv = 79.4 > 30, ensuring undrained conditions 
(House et al. 2001). 

3 EXPERIMENT RESULTS 

3.1 Raw data of the tests 

Raw data of the tests in air, water and soil are shown 
in Figure 2(a), (b), and (c), respectively. The ‘noise’, 

which has a range of less than 1 kPa, corresponds to 
less than 0.5 % of the nominal range of the load cell.  
 

 
   (a)             (b) 

 
           (c) 
Figure 2. Raw data from tests using hard and soft epoxy; tests 
in: (a) air, (b) water and (c) soil. 

 
It is evident from the tests in air and in water that 

the resistance profiles of the penetrometer with hard 
and soft epoxies are different, suggesting that the 
epoxy stiffness influences the output from the strain 
gauges. The results from tests in air shown in Figure 
2 (a) demonstrate an apparent change in penetration 
resistance with depth, which is due to the changing 
self-weight of the T-bar as the radius and hence ac-
celeration level changes, but also perhaps some ef-
fect of the weight of the epoxy coating itself on the 
strain gauges. In addition to the effect of changing 
self-weight (estimated as about 1.3 kPa over the full 
depth range), there appears to be some drift, and also 
hysteresis for the soft epoxy. 

The results from the tests in water shown in Fig-
ure 2 (b) also demonstrate an apparent change in 



penetration resistance with depth. However, the 
changes with depth are much higher, and appear 
dominated by effects of the hydrostatic pressure act-
ing on the gauges. The changes are also more pro-
nounced for the penetrometer with the hard epoxy, 
which provides some clues as to how the stiffness of 
the epoxy may control how lateral pressures are 
transferred to the gauges. 

Although the T-bar load cell was zeroed at z = 
0 for each test, in most tests the strain gauge output 
did not return to zero at z = 0 after the test, indicat-
ing strain gauge drift. The non-zero values of the 
tests are presented in Table 1.  

 
Table 1. Non-zero values (kPa) at z = 0 after the tests 

 
Air - H Air - S  Water - H Water - S 

-0.51 1.45 -1.20 1.53 
Soil - H Soil - S   

-7.19 4.50   

3.2 Data corrections 

Based on the observations of the raw data, the stiff-
ness of the epoxy coating is shown to have a signifi-
cant influence on the measurement of the penetration 
resistance. For a given epoxy stiffness, six inter-
related mechanical or electrical factors that may af-
fect the data can be identified: acceleration level; 
self-weight of the penetrometer; buoyancy force; 
signal drift; lateral pressure on the gauges; and ef-
fects of cyclic penetration. These need to quantified 
in order to correct the raw data in a rational manner. 

3.2.1 Centrifuge acceleration (g) correction 
As the T-bar penetrates into the soil and the distance 
to the center of rotation of the centrifuge increases, 
the self-weight of the penetrometer increases due to 
the higher centrifuge acceleration. Normally consol-
idated soils have an increasing density with depth 
and consequently the soil buoyancy forces acting on 
the penetrometer increase, counteracting the increas-
ing self-weight of the penetrometer. The lateral pres-
sure on the strain gauges will also increase due to 
the higher horizontal effective stresses of the soil 
and hydrostatic pressure (Sahdi et al. 2014). Correc-
tions for these factors will be addressed in the fol-
lowing sections. 

The centrifuge acceleration is proportional to the 
radius and so varies with the depth of the centrifuge 
sample. During the test, the centrifuge acceleration, 
n0, is applied at a specific effective radius, reffective 
(corresponding to z = 43 mm in these particular 
tests), and the centrifuge acceleration, n, at any radi-
us, r, can be calculated as: 
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To consider the effect of varying centrifuge ac-
celeration with depth, the measured penetration re-
sistance is corrected using: 
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So the correction for the centrifuge acceleration, 
Ag, can be expressed (in terms of a change in pene-
tration resistance, q) as: 

duncorrecte
effective

g q1
r

r
)z(A 








                 (3) 

In these tests, reffective is 1597 mm, and r is 1554 ~ 

1789 mm.  

3.2.2 Self-weight correction 
The penetrometer self-weight will also register as an 
apparent change in the measured penetration re-
sistance relative to the depth (z = 0) at which the 
load cell was zeroed. As the penetrometer moves to 
a greater depth, the centrifuge acceleration increases, 
and the self-weight of the penetrometer increases ac-
cordingly. The change in penetrometer self-weight 
relative to that at the surface radius, r0, can be calcu-
lated as: 
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in which Asw is the self-weight correction to the 
measured resistance, and m is the mass of the pene-
trometer (replacing this by the effective mass, m', for 
the more usual case of tests under water). 

3.2.3 Buoyancy force correction 
The measured penetration resistance also needs to be 
corrected to discount the buoyancy force acting on 
the penetrometer during penetration and extraction. 
For normally consolidated soil the buoyancy force 
increases slightly with penetration depth. Following 
White et al. (2010), correction for the buoyancy 
force on the penetrometer may be expressed as: 

'
DL

V
f)z(A buried
bbf                        (5) 

where Abf is the buoyancy correction, fb is a buoyan-
cy factor, γ' is the effective unit weight of the soil, 
and Vburied is the nominal volume of the T-bar buried 
beneath the soil surface. The value of fb varies be-
tween 1.5 at z = 0 and unity at a depth that varies 
with the undrained strength ratio, su/γ'D, and which 
is assumed here as 4 times the T-bar diameter (i.e. 
20 mm). 

3.2.4 Signal drift correction 
Signal drift in strain gauges is generally due to tem-
perature effects or instability of the gauge adhesive. 
In the absence of signal drift, the output from the 



strain gauges should be identical immediately at the 
soil surface at the beginning of the penetration, at 
the end of the first extraction, and at the end of the 
test. It follows that a simple means to quantify the 
signal drift is to return the penetrometer to the same 
location above the soil sample after the test and to 
note any difference in output (accounting for the 
weight of any soil remaining at the top of the T-bar 
after extraction, as it is often the case in practice). 
The signal drift may then be corrected by assuming 
that it develops linearly with time. A simple linear 
relationship with time is employed to correct the 
measured penetration resistance for signal drift ef-
fects: 
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where Add(t) is the signal drift at time t, and q is 
change in resistance between just before penetration 
(at time t0) to just after extraction (at time tf). 

When the cyclic test was performed, the rate of 
signal drift was found to be different from that dur-
ing the first full penetration-extraction cycle (maybe 
due to the different time spans or other effects such 
as different local temperature environments). This is 
treated in the following section.  

3.2.5 Lateral pressure correction 
Hydrostatic pressures and horizontal effective 
stresses acting on the strain gauge affect the meas-
urements. The influence of the lateral pressure is iso-
lated in the penetration tests in water. For the tests in 
water, once the data have been corrected to account 
for changes due to centrifuge acceleration, pene-
trometer self-weight, buoyancy force, lateral pres-
sure, and signal drift, the apparent penetration re-
sistance should be zero. With this premise, the effect 
of the lateral pressure is obtained by firstly correct-
ing the data by all factors except lateral pressure. 
The resulting data reveals the effect due to lateral 
pressure. The relationship between the hydrostatic 
pressure, p = wz, and the resultant penetration re-
sistance from the T-bar test with hard and soft epoxy 
in water are fitted using the following equations: 
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where ALp is the lateral pressure correction and p is 
the hydrostatic pressure in kPa. 

These relationships are also used for the addition-
al correction of the effect of lateral effective stress 
for the tests in soil, assuming a lateral effective 
stress equal to the effective overburden. While the 
lateral pressure correction is expected to be a func-
tion of the shaft profile and strain gauges, it is ex-
pected that Equation 7, as it is formulated is valid for 
typical centrifuge T-bars, which all feature very sim-
ilar geometrical and mechanical arrangements.  

3.2.6  Cyclic offset correction 
A cyclic penetration test, which aims to measure the 
remoulded penetration resistance of the soil, can be 
used to identify any offset of the load cell zero dur-
ing the cycles. When the soil is fully remoulded after 
a number of cyclic episodes, the penetration re-
sistance and extraction resistance should have the 
same magnitude and the resistance profile should be 
symmetric about zero. The asymmetry of the re-
sistance profile indicates an offset in the data. The 
offset of the resistance profile is again assumed to 
vary linearly with time during the cyclic test. The fi-
nal correction qc is chosen such that the penetration 
resistance is equal to the extraction resistance in the 
last cycle at the mid-depth (140 mm in this study) of 
the cyclic penetration. The offset Aco(t) at any time t 
is then calculated as: 
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where tc0 and tcf are the start and finish times of the 
cyclic test (at mid-depths of initial penetration and 
final extraction). 

3.3 Correction factor discussion 

3.3.1 Data corrections of tests in air and water 
For the test in air, the main factors affecting the 
measurements include the centrifuge acceleration, 
the self-weight of the penetrometer, and drift. For 
the test in water, two additional factors – buoyancy 
force and lateral pressure – are involved. If the 
measured test data are corrected with these factors, 
the resistance profile should be around zero for the 
tests in air and water. Examples of corrected data of 
the tests in air and in water are shown in Figure 3. 
Although the corrected data are not constantly zero 
due to unidentified factors, they are significantly 
improved. This indicates the corrections are valid 
and reasonable. 
 

 
(a) Tests in air           (b) Tests in water 

 
Figure 3. Corrected data from tests in (a) air and (b) water. 



3.3.2 Data corrections of tests in soil 
Multiple factors have been considered to correct the 

measured penetration resistance, each with different 

weighting, relative to the measurement. It is useful 

to identify the most influential factors so that poten-

tial modifications to the device or changes to the test 

procedure may be considered to improve the accura-

cy of the test. The corrections as applied to the T-bar 

test in soil for both the hard and soft epoxy are 

shown in Figure 4, and the corrected profiles are 

shown in Figure 5. 
             

 
(a) Test with hard epoxy 

 

 
(b) Test with soft epoxy 

 
Figure 4. Magnitude of the different corrections. 

 

The percentages of each correction relative to the 
raw data of measured penetration resistance at mid-
depth (140 mm) during the extraction of last cycle 
are presented in Table 2. This is the scenario with 
largest signal drift and cyclic offset corrections and 
resistance at remoulded state. It shows that for the 
test using either hard or soft epoxy, centrifuge accel-
eration, signal drift, lateral pressure, and cyclic off-
set, are the most influential. Table 2 also shows that 
using hard epoxy has a significantly higher cumula-
tive correction compared with using soft epoxy. All 
the corrections except buoyancy are positive for the 
test with hard epoxy, so the cumulative correction is 
very large (almost 30% of the measurement). In con-
trast, for the test with soft epoxy, some corrections 
are positive and some are negative, resulting in a 
cumulative correction that is small relative to the 
hard epoxy case (3.45% of the measurement). 

 
Figure 5. Corrected data from tests in soil. 

 
Table 2. Weighting of the various correction factors. 

 
Epoxy type Hard Soft 

Raw penetration 
resistance (kPa) 

-94.33  -64.95  

Corrections kPa % kPa % 

g 5.42  -5.75  3.75  -5.77  
Self-weight 0.91  -0.97  0.92  -1.41  
Buoyancy -0.03  0.03  -0.03  0.04  
Signal drift 6.92  -7.33  -4.11  6.33  
Lateral pressure 6.12  -6.49  5.20  -8.01  
Cyclic offset 10.00  -10.60  -7.97  12.26  
Cumulative  29.35  -31.11  -2.24  3.45  



4 CONCLUSIONS 

A series of T-bar penetration tests were carried out 
in air, in water, and in normally consolidated kaolin 
clay in a centrifuge. Factors influencing the penetra-
tion resistance of T-bar penetrometers were identi-
fied and quantified. Some conclusions are drawn: 
1. Effects on the penetration resistance of the centri-

fuge acceleration, self-weight of the penetrome-
ter, and signal drift were identified from the pen-
etration tests in air. 

2. Influences of lateral pressure and buoyancy force 
on the reading of penetration resistance were re-
vealed from the tests in water. Relationships be-
tween the hydrostatic pressure on the strain 
gauges and the measured resistance for the tests 
with hard and soft epoxy were obtained which 
were used to correct for the effects of the lateral 
pressure on the strain gauges for the tests in soil. 

3. A cyclic offset in the resistance profile was identi-
fied and was corrected based on a simplified lin-
ear relationship with time between the start of 
cyclic testing and the final fully remoulded state. 
A total of six factors: centrifuge acceleration, 

self-weight of the penetrometer, buoyancy force, lat-
eral pressure on the gauge, data shift according to 
the resistance at soil surface, and the data offset dur-
ing the cyclic test, were considered to correct the 
measured penetration resistance. The effects of each 
factor were quantified and the relative weighting of 
each correction was evaluated. The acceleration lev-
el, signal drift, lateral pressure, and cyclic offset 
were shown to be the factors that most significantly 
affect the measured penetration resistance. 

Epoxy resins with different stiffness, used to pro-
tect the strain gauges, were shown to have signifi-
cant effect on the measurement of the penetration re-
sistance.  
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