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ABSTRACT:  This article presents a novel method to measure earth pressures in centrifuge model tests. 
Monitoring earth pressure changes during a test provides valuable information on soil-structure-interaction 
(SSI), which is essential to understand how structures perform, from serviceability (SLS) to ultimate limit state 
(ULS). Implementing a tailor-made tactile pressure sensor (TPS), earth pressures were recorded during two 
centrifuge model tests. The sensor is characterised by its small size (single sensor: 6 x 14 mm), flexible 
arrangement, and water resistance. Data has been recorded using a data logger directly attached to the TPS, 
which is advantageous for use in centrifuge model testing. An initial evaluation shows that the sensors can 
provide valuable information on earth pressure development. However, it was found that pressures below 
50 kPa could not be determined reliably. Additionally, an offset in the absolute value and a time lag in data 
acquisition were observed in individual sensors. However, improvements of sensor performance are needed, 
particularly regarding responsiveness and the detection of low pressures. These important issues are given 
strong consideration in the ongoing development process described. 

 
 

1 INTRODUCTION 

Soil-structure interaction (SSI) describes the process of 
load transfer, deformation behaviour and the overall 
performance of structures in geotechnical and 
structural engineering. However, understanding and 
predicting SSI requires high-quality experimental data 
and suitable methods for accurately measuring 
distributed earth pressures at the soil-structure 
interface remain limited. As part of the SG4SSI 
project, Rebhan et al. (2024) describe a novel 
piezoresistive tactile pressure sensor (TPS) for 
geotechnical applications adapted to address this issue. 

The TPS is characterised by its relatively small size 
(6 x 14 mm), with an active measuring zone of 3.5 mm 
in diameter (black ‘dots’ in Figure 1 b) (Schleicher et 
al., 2025). Individual TPS units can be arranged to 
form waterproof grids with custom layouts. The data 
can be stored on a local data logger, connected directly 
to the TPS or sent via Bluetooth to any nearby device. 

The sensor was used in two centrifuge model tests 
to assess its performance. The sensors were calibrated 
in a pressure chamber by the manufacturer beforehand. 

Therefore, their use in the centrifuge simulated typical 
conditions on a construction site, where calibration is 
usually not possible with a given soil under varying 
stress conditions. This allowed realistic assessment of 
the measured earth pressure development under 
changing load conditions. 

2 PHYSICAL MODELLING 

Centrifuge model tests allow a 1:N scaled model to be 
tested under stresses representative of the prototype, 
where the g-level is increased by a factor of N 
(Schofield, 1980; Madabhushi, 2014). The sensors 
were installed in two different test setups at different 
g-levels to test their performance. Table 1 summarises 
the two test setups BLOCK and NAIL, which are 
described in detail below. N describes the g-level 
factor in the test, d60 and dmax refer to the grain size 
distribution of the sand used, and Sr describes the 
relative saturation (0 = dry; 1 = saturated). The sensor 
performance should not be influenced by the grain size 
distribution for the two given sands, as the ratio of dmax 
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to the diameter of the measuring zone is sufficiently 
small (Schleicher et al., 2025).  
 
Table 1: Test and soil property overview 

ID N 
[-] 

Sand d60 

[mm] 
dmax 

[mm] 
Sr 

[-] 
BLOCK 30 Perth  0.31 0.50 1 
NAIL 60 Geba  0.12 0.40 0 

 
BLOCK: As part of a research project 

investigating the load-bearing behaviour of block 
foundations (BF) (Arnold et al., 2024), centrifuge 
model tests were carried out at the ETH Zurich 
Geotechnical Centrifuge Centre (GCC) beam 
centrifuge under 30g in saturated Perth sand (Nater, 
2006). The test setup (Figure 1 a) and the foundation 
with the sensor grid (Figure 1 b, excavated after the 
test) are shown schematically in model scale.  

 

 
Figure 1: BLOCK: (a) Test setup in model scale and (b) 
block foundation with sensor grid after the test. 
 

The foundation was concreted directly against the 
partially saturated sand under 1g with the sensor grid 
inserted between soil and concrete. The grid was 
coated with spray adhesive (3M Display Mount) and a 
thin layer of Perth sand to ensure sufficient roughness 
between grid foil and soil and good bonding between 
foil and concrete. The sand was re-saturated after the 
concrete had cured. Finally, a pushover test was 
carried out under 30g, in which the mast was loaded at 
a constant horizontal velocity of 0.05 mm/s.  

The sensor grid's positioning was selected to enable 
the measurement of changes in earth pressure as the 
load P increases. 

 
 
 

NAIL: This research project investigated the load-
bearing behaviour of anchored excavation pit closures 
at the TU Delft geotechnical centrifuge (Allersma, 
1994). Tests were conducted in dry Geba sand 
(Maghsoudloo et al., 2018) at 60g. The original plan 
was to apply the grid to the excavation pit closure. 
However, the data presented here only refer to the 
installation shown in Figure 2. The grid was positioned 
horizontally and not coated with adhesive and sand in 
this installation. After being carefully placed at the 
desired level, the grid was buried in sand using dry 
pluviation.  

Approximately one minute after the model reached 
60g, a push-down load P was applied at a speed of 
0.01 mm/s. TPS 1 to 4 were located near the strongbox 
wall, while TPS 18 to 23 were closer to the load P. The 
127 mm of soil coverage in the model corresponds to 
a vertical load on the sensor of σv = 105 kPa at 60g. In 
theory, all sensors should indicate this stress once the 
g-level is reached, before stresses increase as a result 
of P. 
 

 
Figure 2: NAIL: (a) Test setup in model scale and (b) sensor 
grid. 

3 FIRST RESULTS  

BLOCK: The readings from TPS 3-6 & 9-12 cannot 
be meaningfully evaluated, as they either did not 
register any pressure (TPS 6, 9, 10 & 11) or the 
measured values for TPS 3, 4, 5 & 12, which are 
between 0 and 35 kPa, show abrupt changes and noise. 

The measurement results of the lower four TPS (1, 
2, 7 & 8) over time are shown in Figure 3. The 
pushover load P from the model-scale test is plotted on 
the second y-axis over time to enable a clearer 
understanding of how the stresses measured by the 
TPS develop over time. The centrifuge reaches 30g at 
approximately -600 s, after which the displacement-
controlled pushover test begins at t = 0 s (increase in 
load P). Finally, the mast/foundation is unloaded at t = 
1500 s. 
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Figure 3: TPS measurement over time from the BLOCK 
experiment. 
 

Comparing the behaviour of the TPS with the 
pushover load over time, the following can be noted: 

• The TPS generally exhibit a similar behaviour 
to the pushover load P, increasing from 
approximately 0 to 500 s, followed by a kind of 
softening or load reduction. 

• Start of pushover test: Only TPS 1 reacts 
directly to the increase in load. TPS 7 shows a 
significant delay compared to TPS 1. TPS 2 and 
8 also react with a lag, but this may be due to the 
sensors being located further up, meaning they 
start to build up pressure later (depending on the 
axis of rotation of the BF). 

• Peak load: The maximum pushover load P is 
reached at approximately 500 s. In particular 
TPS 7 shows a significant time delay. 

• End of test: TPS 1 and 7 respond directly to the 
decrease in P at 1500 s. Notably, TPS 1 shows a 
reduction of approximately 60 kPa, while TPS 7 
shows a reduction of 100 kPa. Since no rotation 
relative to the mast axis was detected, this 
difference cannot be directly explained by the 
test setup. With only the recordings from TPS 2 
and 8 available, it would not be possible to 
determine the end of the test (unloading P), as 
they did not seem to respond directly to the load 
change. Between 1600 and 2000 s, the 
centrifuge was stopped, which explains the 
linear decrease of TPS 1 and 7. 

In order to enhance the evaluation of the 
measurement results with respect to magnitude, the 
total horizontal earth pressures e for the lower sensor 
level (TPS1 & 7 with z = 71.9 mm) are calculated and 
displayed in Figure 3: 

 𝑒𝑒(𝑧𝑧) = 𝑁𝑁 𝑧𝑧 (𝐾𝐾 ∙ 𝛾𝛾′ + 𝛾𝛾𝑤𝑤) (1) 
 

where: N = 30 (see Table 1), K is the corresponding 
earth pressure coefficient, γ' is the effective bulk 
density of the soil under buoyancy, and γw is the 
density of water. The earth pressure at rest is estimated 
using the approach described by Jacky (1944): 

 𝐾𝐾0 = 1− sin 𝜑𝜑′ (2) 
 
Using Equations 1 and 2, along with the values 

given in Figure 1, the total earth pressure at rest e0 is 
calculated to be 32.9 kPa. Comparing this calculated 
value with the measured data shows that TPS 1 exactly 
matches e0 before the pushover test (from -600 to 0 s). 
However, TPS 7 measures a lower value, even though 
this sensor is at the same depth. 

In a next step, the total horizontal passive earth 
pressure is calculated with Kph according to Coulomb's 
earth pressure theory (e.g., Lang et al., 2004), whereby 
δ = -2/3 φ' is assumed as a first approximation for the 
wall friction of the BF (the foil was coated with sand 
as mentioned before): 

 𝐾𝐾𝑝𝑝ℎ = � cos𝜑𝜑′1−�sin�𝜑𝜑′−𝛿𝛿� sin𝜑𝜑′cos𝛿𝛿 �1 2⁄ �2 (3) 

 
With Kph = 5.74 and Equation (1), the total 

horizontal earth pressure is eph = 152 kPa. However, 
this value applies to the plane case (infinitely long 
foundation). In order to account for spatial effects that 
increase the passive earth pressure, the approach of 
Weissenbach (1962) is chosen, which determines an 
imaginary pressure wall width bid depending on the 
embedment depth T, the foundation width B and the 
friction angle of the soil φ'. From the ratio bid to B, a 
factor λ can be deduced by which Kph is increased: 

 𝜆𝜆 =
𝑏𝑏𝑖𝑖𝑖𝑖𝐵𝐵 =

𝐵𝐵+0.6 ∙T∙ tan𝜑𝜑𝐵𝐵  (4) 

 
For the given geometry, λ = 1.68, which yields a 

spatial earth resistance coefficient of Kph,R = 9.62, and 
according to Equation 1 an earth pressure eph = 
240 kPa. Comparing the calculated earth pressures 
with the measurements of TPS 1 & 7, the following 
can be noted: 

• The measured earth pressures appear plausible 
in terms of magnitude. It seems that the passive 
earth resistance is mobilised in the lower part of 
the block foundation due to the load change P. 

• However, a clear difference is evident between 
TPS 1 & 7. The discrepancy in the measured 
earth pressure corresponds approximately to the 
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earth pressure at rest (TPS 7 does not measure 
any pressure at the beginning of the test). 

• In contrast, TPS 2 & 8 exhibit very similar 
behaviour, with the measured peak load being 
almost identical. 

NAIL: The TPS measurements over time from the 
experiment are shown in Figure 4. From 0 to 137 s, the 
centrifuge accelerates to 60g (red vertical line). The 
load P is increased 77 s later (blue vertical line). The 
experiment's end was not recorded due to a problem 
with local memory. All TPS measurements should 
display a stress of σv = 105 kPa when 60g is reached, 
as described in section 2. The stresses should begin to 
increase thereafter gradually due to increasing P (after 
214 s). 
 

 
Figure 4: TPS measurement over time from the NAIL 
experiment. 
 

An examination of the development of the TPS 
measurements over time reveals the following: 

• Acceleration to 60g: All TPS should experience 
a similar increase in load as a result of the 
increase in the g-field. However, some sensors 
show an increase in load from 0 s, while others 
start at 110 s. This clearly indicates that 
individual TPS start to output a measured value 
above an arbitrary load level, whereby the load 
increase then occurs abruptly.  

• 60g reached: Based on the measurement data, 
the point at which 60g is reached can be 
determined relatively accurately, as all curves 
show a kink at this point. Once 60g has been 
reached and before the load is increased, all TPS 
should display a constant measured value. 
However, this is not the case: some TPS show 
an increase in load and others show a decrease, 
which cannot be explained by the test setup. The 
deviation is significant based on the setpoint σv, 
which is only measured by two TPS. It amounts 

to 75 kPa (ranging from -55 to +20 kPa 
compared to σv resulting in a Mean Absolute 
Error MAE of 25 kPa). 75% of all TPS measure 
a value that is too low. 

• Pushdown: Most TPS show an increase in load, 
with those at the same distance from the 
pushdown load P doing so in a similar manner. 
TPS 1–4, which are further away from the load 
plate than TPS 18–23 (see Figure 2), tend to 
show a later and less pronounced increase in 
load, which can be considered a plausible result 
due to load distribution. 

4 CONCLUSIONS 

It can be concluded that using the tested TPS may be 
adaptable to be further included into centrifuge model 
testing. Advantages include the flexible arrangement 
of the individual TPS in grids, their water resistance 
and their low sensitivity to the effects of grain size 
distributions commonly used in centrifuge tests (little 
to none influence for dmax < 2 mm according to 
Schleicher et al., 2025). 

However, there are several findings which may be 
considered for further development of the TPS sensors: 

• Small stresses (approximately 0 to 50 kPa, 
depending on the test) cannot be reliably 
detected. 

• Each TPS appears to have an individual 
threshold value below which no stress changes 
are registered, which must be determined 
beforehand future testing, to take this effect into 
account. 

• The TPS show a high scatter of measured values 
despite prior calibration. This is most likely due 
to limits in calibration or the need to calibrate 
the sensors with the material used, as the 
qualitative measurements seem to be logical. 
Further research is necessary. 

• In some cases, individual TPS also exhibit a 
time lag that cannot be explained by the test 
procedure. 

In summary, it can be concluded that the TPS can 
be used to measure pressures in centrifuge model 
testing, presupposing a further optimisation including 
hardware, preparation, calibration and handling. 
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