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ABSTRACT: Interpretation of in situ cone penetration tests with pore pressure measurements is particularly challenging in silt as 

such material may allow for partial drainage. Hence, there is a strong need to increase our understanding of the soil response around a 

penetrating cone in silts, including volumetric changes and pore pressures. This paper presents the setup used for measurement of 

cone resistance, soil stress and pore pressure in silt during model scale penetration tests with penetration velocities varied by three 

orders of magnitude.  

 

1  INTRODUCTION 

During a field cone penetration test, a cylindrical probe is 
pushed into the soil and measurements of cone tip resistance 
and shaft friction are recorded. When pore water pressure (u2) is 
measured behind the cone shoulder the test is called CPTU. 
Interpretation methods for CPT and CPTU are traditionally 
based on one of two extremes: drained behavior for sands or 
undrained behavior for clays. For intermediate soils, e.g. silts, 
penetration may occur under partially drained conditions 
(Lunne et al. 1997). Hence, the identification of silts and 
determination of its geotechnical properties becomes quite 
difficult (DeJong and Randolph 2012). 

This paper presents a test setup designed to supplement the 
study of Paniagua et al. (2013), which combined x-ray micro 
tomography with 3D Digital Image Correlation to investigate a 
penetrating cone in unsaturated silt. The tests of the present 
study are done on saturated samples created from slurry with 
additional measurements of stresses and pore water pressures. 
These were recorded at different positions in the sample during 
sample preparation, loading and cone penetration. 
Measurements of the cone resistance were included.  

 
2  SOIL MATERIAL 

The soil used in the experiments is a low plastic, uniform silt 
from Vassfjellet, Klæbu, Norway, with 94 % of its grains below 
74 µm and 2.5 % of the grains below 2 µm. A highly dilatant 
behavior was observed in samples tested at its maximum dry 
density (i.e. 1.57 g/cm3) in isotropically consolidated, 
undrained, triaxial tests. 
 
3  TEST SETUP 

The soil specimens were built inside a Plexiglas cylinder of 100 
mm inner diameter (dc) (Figure 1) internally padded with a 6 
mm layer of neoprene. The limited diameter was chosen to 
enable tomography since larger diameters increase the 
attenuation of the x-ray penetration (Paniagua et al. 2013). The 
padding was used to compensate for the effect of the boundary 
closeness and to simulate a compressible, surrounding soil. The 
thickness and stiffness of the padding was selected based on FE 
calculations of Vassfjellet silt surrounding a cylindrical, 
expanding cavity with a diameter equal to the sample diameter 
(Paniagua 2014). The FE simulation showed 0.15 mm cavity 
expansion for 10 kPa lateral stress increase at the cavity 
boundary. This could be achieved selecting a 6 mm thick rubber 
padding with appropriate stiffness. 

An upper extension of the 100 mm Plexiglas cylinder was 
used to prepare the samples by slurry consolidation. The two 
cylinders were joined by a ring of aluminum sealed by a rubber 

O-ring to prevent water leakage. A specimen of about 180 mm 
was created. After the consolidation, the top cylinder and the 
aluminum ring were removed and a porous plate was placed on 
top of the consolidated sample. Then, the specimen was loaded 
to a vertical stress of 80 kPa for some hours before testing. The 
loaded porous plate was then fixed from vertical movements 
just before cone penetration. 

The penetrating probe had a diameter of 12 mm and an apex 
angle of 60° at the tip. The penetration force was measured at 
the top of the probe shaft and recorded as total penetration 
resistance. A pore pressure ceramic filter was at the position u2. 
The pore pressure filter and sensor were saturated under 
vacuum and the chamber connecting them was filled with de-
aired glycerin before penetration. Additionally, an F0.5CKEW2 
Fugro miniature CPTU owned by University of Colorado with 
an 11.28 mm diameter was used for verification. The minicone 
had two 5 kN load cells connected in series to measure the tip 
and the sleeve resistance, and a 1 MPa pore pressure transducer. 

Figure 2 shows the set-up for measuring pore pressures and 
total normal stresses on the cylinder wall and bottom. For 
measuring pore pressures, saturated ceramic filters were placed 
at the bottom (uB4, uB5 and uB6) of the soil container and on 
the wall (uL1, uL2 and uL3) at 80 mm from the top in direct 
contact with the silt specimen (Figure 2). The sensors were 
placed outside the Plexiglas cylinder but the filter stone was in 
direct contact with the soil. The corresponding chambers 
connecting the filters and the sensors were filled with de-aired 
glycerin and kept under vacuum until testing (Figure 3).   

Total soil stresses were measured at the bottom of the 
cylinder and on the cylinder wall 80 mm below the top of the 
Plexiglas cylinder (i.e. 60 mm below the top surface of the soil 
specimen). One stress sensor (B0) was located at the bottom 
centre and three stress sensors on the wall (L1, L2 and L3) 
(Figure 2). A stress sensor was built as a small chamber 
protected by sealed rubber, filled with de-aired glycerin and 
connected to pressure sensors. The pressure in the soil was 
transferred to the liquid inside the chamber and then to the 
pressure sensors. This allowed using the same type of sensors 
for both total stress and pore pressure measurements. The 
sensors are Honeywell models 24PCBFA6D and 26PCBFA16. 

 
4  EXPERIMENTAL PROCEDURE 

The specimens were prepared by slurry deposition (Kuerbis and 
Vaid 1988). Slurry consolidation occurred under under 65 kPa 
for 12 hours. A load-controlled jack pushed a movable porous 
plate on top of the slurry. The porous plate and paper filter 
allowed drainage from the top of the sample. When the 
consolidation phase was finished, the extra Plexiglas cylinder 
and the aluminum ring were carefully removed and the soil 
specimen was then prepared for the loading phase in which the 
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soil specimen was preloaded with 80 kPa for 3 hours. After that, 
the porous plate was locked in place immediately before 
performing cone penetration. During penetration, the vertical 
pressure in the interface between the porous plate and the 
sample could change. During sample consolidation and loading, 
the lateral and bottom total stresses as well as the corresponding 
pore pressures were monitored.  

The vertical penetration rate was controlled using a 
LabVIEW software through a step motor on a bolt screw 
(Figure 1). The equipment allowed varying the penetration rate 
from 0.06 mm/s to 50 mm/s. The specimens had an average 
initial dry density after consolidation of 1.57 g/cm³ and a water 
content of 30% which gave saturation levels close to 100 %.  
 
5  RESULTS AND CONCLUSIONS 

This paper has presented the test setup for laboratory cone 
penetration tests with variable penetration rate. The total stress 
sensors and the pore pressure sensors used in the experiments 
gave consistent readings during the different tests. Care must be 
taken regarding the maximum capacity of the pressure sensors 
and complete saturation of the reading membrane. 

The test setup worked as expected. The penetrating probe 
rapidly mobilizes the soil resistance which is recorded as 
changes in stresses and pore pressures in the cone and the 
cylinder boundaries.  The observations regarding penetration 
resistance variation with depth and penetration rate are 
summarized in Paniagua (2014). In particular, some variable 
initial conditions along the depth in the specimens allowed for 
studying dilative and contractive modes of behavior for the 
same soil material.  

 
Figure 1. Experimental setup and section A-A. 
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Figure 2. Sensors location. 

Figure 3. Diagram of sensors. 
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