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1 INTRODUCTION 

Unsaturated soils are mostly available in surficial 
parts of the earth and above the water table in the 
vadose zone. The presence of three phase material 
system (soil-water-air) in unsaturated soils results in 
inter-particle suction forces that increase the soil 
strength and stiffness. This is explained by redefin-
ing the effective stress or introducing an apparent 
cohesion in the soil (Lu et al. 2010).  

Cone Penetration Testing (CPT) is commonly 
used in geotechnical site investigation to evaluate 
the physical, mechanical, and hydraulic properties of 
soils. Traditionally, a set of formulations that are ei-
ther developed theoretically using cavity expansion 
theory or proposed through empirical correlations 
link the measured cone resistance (qc), sleeve re-
sistance (fs), or excess pore pressure to soil proper-
ties such as density, shear strength, stiffness, in situ 
stress state, soil dynamic properties, and hydraulic 
conductivity (Baldi et al. 1982; Robertson and Cam-
panella 1983; Been et al. 1986; Keaveny and Mitch-
ell 1986; Jamiolkowski et al. 2003).  

The cone resistance is mainly controlled by soil 
shear strength, stiffness, compressibility, and perme-
ability (Robertson 2009). Thus, the influence of suc-
tion in unsaturated soils on the soil properties auto-
matically will impact these values. Considering that 
shallows soils in most part of the world is unsaturat-
ed, except the parts where the water table is at the 
soil surface, understanding the influence of degree 
of saturation on cone penetration is crucial. The ef-
fect of degree of saturation on cone resistance has 

been shown in past experimental and numerical 
studies where higher cone resistance was reported in 
unsaturated soils (Hryciw & Dowing 1987, Lehane 
et al. 2004, Collins and Miller 2014, Russell and 
Khalili 2006, Pournaghiazar et al. 2013, Jarast & 
Ghayoomi 2016 and 2017a). Misinterpretation of 
soil properties or soil classification, as a result of ig-
noring this effect, could lead to incorrect evaluation 
of the soil response.     

Centrifuge testing can be used to test scaled 
complex geotechnical systems in higher gravitation-
al field. By using the scaling relations while model-
ing a small specimen in the centrifuge, tests can be 
performed under the same stress state. Cone penetra-
tion in centrifuge requires a miniature penetrometer 
with dimensional restrictions. Previous research has 
investigated the performance of miniature cones in 
geotechnical centrifuge with regards to container 
size, boundary condition, penetration rate (Bolton et 
al. 1999; Balachowski 2007; Liu and Lehane 2012). 
Different miniature cones with different sizes, pene-
tration rates, and measurement capabilities have 
been used in past studies ranging in diameter from 4 
to 12 mm (Esquivel et al. 1994; Silva & Bolton 
2004; Sharp et al. 2010; Zhou et al. 2014; El-Sekelly 
et al. 2014).  

This paper reviews the miniature cone developed 
for testing in unsaturated soils. The cone perfor-
mance is evaluated by assessing the penetration re-
sistance with estimated values from commonly used 
empirical relations. The measured resistance for dif-
ferent degrees of saturation is compared to evaluate 
the effect of partial saturation on cone resistance 
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ABSTRACT: The Cone Penetration Test (CPT) is a popular field investigation technique where its results 
can be used to evaluate soil properties by incorporating the measured cone resistance (qc), sleeve friction (fs), 
and pore pressure (u) in empirical and/or analytical relations. In this study, a recently developed 12.7 mm di-
ameter miniature piezocone is employed to investigate the effect of unsaturated condition on CPT result. Pen-
etration tests are performed on a sandy soil at 40g gravitational acceleration while steady state infiltration was 
used for suction control. The measured penetration resistance was used to characterize the soil in terms of 
classification and friction angle. The results showed that unsaturated condition influences the penetration re-
sponse and ignoring that, can cause misestimating of the soil properties.  



2 MINIATURE PIEZOCONE 

A miniature piezocone was designed and construct-
ed adaptable for testing in unsaturated soils inside 
the geotechnical centrifuge at the University of New 
Hampshire (Ghayoomi and Wadsworth 2014). De-
tails of pizeocone components and calibration can be 
found in Jarast and Ghayoomi (2017b). The devel-
oped piezocone has 12.7 mm diameter with an apex 
angle of 60º. Figure 1 shows the piezocone compo-
nents. The piezocone can measure the tip resistance 
and total resistance using two vibrating wire force 
gages. Subtracting the tip from the total resistance 
will result in side friction resistance during cone 
penetration. In addition, an external vibrating wire 
pore pressure transducer connected to the tip with a 
narrow tube measures the pore pressure behind the 
tip. The pore pressure transducer interfaces with the 
soil through a ceramic porous ring that is removable. 
Porous rings with different air entry values can be 
used based on the application.  

A custom-made mini linear actuator was used 
for the cone driving. It meets the dimension limits 
and the maximum required force. The actuator is 
107 mm long and provides maximum penetration 
displacement of 75 mm. The position and the mo-
tion of the piezocone were controlled remotely using 
a National Instrument VI. The duration of penetra-
tion (7.6 cm) was about 18 seconds, which means 
the penetrations rate was about 4.25 mm/s. This 
penetration rate is consistent with the range reported 
in the literature. 

 

 

Figure 1. Miniature CPTu system at UNH centrifuge 

Before performing any penetration test, it is nec-
essary to calibrate the piezocone load cells and pore 
pressure transducer, details of which are explained 
in Jarast and Ghayoomi (2017b). The load cells were 
calibrated by applying measured external loads on 
the cone and developing the calibration graph for 
each lad cell. The transducer was calibrated by ap-
plying both positive and negative pore pressures, 
evaluating the transducer measurements and devel-
oping the calibration graph.  

3 EXPERIMENTAL PROCEDURE 

3.1 Experimental setup 

A laminar container, with an inside length, width, 
and depth of 36, 18, and 27 cm, respectively, was 
used which meets the dimension requirements to 
avoid adverse boundary effects. To avoid leakage of 
water and sand from the laminar container in satu-
rated and unsaturated tests, a flexible plastic bag was 
taped to the inside area of the container. For the un-
saturated test, it was necessary to avoid any leakage 
from the side of the container while having water 
drainage from the bottom of the container. For this 
purpose, a flexible plastic sheet was glued to the in-
side of the bottom drainage plate. The system was 
equipped with a drainage line at the bottom and a se-
ries of nozzles suspended above the soil specimen to 
introduce water infiltration. An inflow and a set of 
outflow solenoid valves were employed to open the 
water discharge and allow for free drainage from the 
bottom of the specimen, respectively. The spraying 
nozzles supplied cones of mist onto the specimen 
and were arranged on a steel bracket so that they 
covered the total area of soil surface. Having nozzles 
with different orifice sizes and changing the volume 
of induced water, different degrees of saturation can 
be achieved. The setup enables controlling the de-
gree of saturation along the depth of specimen 
through steady state infiltration. Details of the infil-
tration system are discussed in Mirshekari and Gha-
yoomi (2017).  

The instrumentations including EC-5 dielectric 
sensors (from Decagon devices) and EPB-PW min-
iature tensiometer/pore pressure transducers (from 
Measurement Specialties) were used for measuring 
volumetric water content and matric suction/pore 
water pressure, respectively. Pore Pressure Trans-
ducers were used to measure the hydrostatic pore 
pressure or the suction during steady state infiltra-
tion. The EPB-PWs could be used to measure the 
values of matric suction as long as the matric suction 
magnitude is less than the air entry value of the ce-
ramic disk (i.e. 60 kPa in this study) and the porous 
stone is initially well-saturated (Take and Bolton 
2003). Both sensors were placed horizontally at 
three depths of 7, 12.7 and 18.4 cm from the top 
edge of the container and 7.6 cm from the sides. 
Figure 2 shows the schematic of the instrumentation 
arrangement. 

3.2 Material 

F-75 Ottawa sand, an industrially manufactured fi-
ne-grained sand with high amount of silicon dioxide 
(i.e. higher than 98%), was used for this study. The 
sand is rounded and composed of nearly pure quartz. 
Figure 3 shows the grain size distribution curve of 
the sand which was used for this study. Table 1 



summarizes the physical properties of this sand 
while Soil-Water Characteristic curve (SWRC) of 
Ottawa sand is also shown in Figure 4. 
 

Figure 2. Schematic of the instrumentation and the employed 

setup 

Figure 3. Grain size distribution curve of two different batches 

of F-75 Ottawa sand 

Table 1- Geotechnical properties of Ottawa sand 

Property value 

Specific Gravity 2.65 

emin, emax 0.49, 0.8 

ρmin, ρmax (kg/m3)  1468, 1781 

Coefficient of Uniformity 1.83 

Coefficient of Curvature 1.09 

Friction Angle (°) 40 

Poisson ration 0.38 

3.3 Testing procedures 

Dry pluviation method (using a funnel with an open-
ing of 5 mm and a raining height of 100 mm) was 
used to prepare the sand specimens with a relative 
density of 26%. The instrumentations including die-
lectric sensors and PPTs were placed at different 
depths during pluviation. For saturated and unsatu-
rated tests, the specimen was saturated from the bot-
tom (using a tube, taped to the side of the container, 
in saturated samples, and through the drainage ports 
for unsaturated tests) before the beginning of the 
tests. After the saturation was completed (the water 
reached the sand surface), the water reservoir was 
disconnected, and the specimen was placed inside 
the centrifuge. Then, miniature cone and spraying 
nozzles (only for unsaturated tests) were placed on 
top of the specimen. 

 

 

Figure 4. Soil-water retention curve of F-75 Ottawa sand 

 
 The centrifuge was spun up to a target gravitational 
acceleration of 40 g, calculated at the cone tip at the 
end of its full penetration (i.e. 7.6 cm). In the un-
saturated test, the next step was opening the inflow 
and outflow solenoid valves to generate steady state 
infiltration (reaching the degree of saturation of 36% 
corresponding to matric suction of about 3 kPa 
along the specimen). The steady state condition was 
assured by constant measurements of volumetric wa-
ter content and matric suction at different depths 
over a period of at least 3 minutes resulting in a uni-
form suction profile in depth. After reaching the 
steady state condition, the cone was penetrated into 
the specimen, and the data including cone tip re-
sistance, total cone resistance, and matric suc-
tion/pore water pressure were recorded continuously 
alongside the measurements of dielectric sensors and 
PPTs. The operation of the piezeocone driving appa-
ratus was remotely controlled through a motion con-
trol system remotely.  

4 RESULTS AND DISCUSSION 

The penetration test results for dry, saturated, and 
an unsaturated sand layers are presented in this pa-
per. This section discusses the post-processing cor-
rections, dry test verification, and the effect of de-
gree of saturation on the cone resistance. Then, the 
significance of the difference in these measurements 
on soil characterization is discussed. The results pre-
sented herein are in prototype scale. 

4.1 Data Corrections 

Due to relatively small size of the centrifuge, the 
penetration depth in prototype scale should be calcu-
lated at each depth as the gravitational acceleration 
slightly varies. This change of g-level would affect 
the cone’s self-weight that should be taken into ac-
count as well. In addition, an effective cone weight 
considering the buoyancy force should be included 



which would depend on the penetration depth inside 
the water in saturated tests.  

Further, because the pore pressure transducer is 
located outside the cone at a fixed height above the 
porous ring, the measured pore pressures from the 
transducer must be corrected given the penetration 
depth. In saturated tests, this includes subtracting the 
elevation head from the total head measured by the 
transducer.  

Lastly, to remove potential effect of system im-
perfections or internal friction of the system, cone 
penetration test was performed in water. Then, the 
resistance profile in water was subtracted from the 
cone resistance profiles for sand layers.  

4.2 Dry Test Verification  

Figure 5 presents the cone tip resistance profile for 
two penetration tests in dry sand layers. Given the 
slight variability in achieved densities, both tests 
provided fairly close resistance profiles. To validate 
the measured resistance, it was compared with em-
pirically-estimated cone resistance by Jamiolkowski 
et al. (1985), which were obtained from tests on five 
predominantly silica sands with different compressi-
bility values. The measured resistance is inside the 
range recommended by the empirical relations ex-
cept for the shallow depth; which validate the per-
formance of the tip load cell. The difference in 
depths lower than ~1.5m (meaning low confining 
pressures) could be attributed to the differences in 
strength mobilization in different testing scenarios.  

 

Figure 5. Cone penetration resistance in dry sand layer. 

4.3 Effect of Degree of Saturation on Cone 
Resistance  

Penetration test were performed on dry (two tests), 
saturated, and unsaturated sand layers. Figure 6 
show the cone resistance profiles for sand layers 
with different saturation scenarios. As expected, sat-
urated sand resulted in lower resistance than dry 
sand layers due to the lower effective stress and 
strength in each depth. However, the penetration in 
unsaturated sand increased the cone resistance mean-
ingfully, which could be attributed to the presence 
of an apparent cohesion due to inter-particle suction 
stresses. Comparing these resistance profiles clearly 
signifies the importance of the degree of saturation 
on the measured cone resistance.      

 
Figure 6. Effect of degree of saturation on cone resistance 

4.4 Soil Characterization  

The cone resistance and friction resistance ratio have 
been commonly used in practice to estimate the 
physical, mechanical, and hydraulic properties of the 
soils. Because the degree of saturation affects the 
cone resistance, it will automatically influence these 
properties as well. Thus, ignoring this effect while 
using the available empirical correlation in the lit-
erature that are mostly developed for soils in dry and 
saturated conditions, will result in misinterpretation 
of these properties. However, considering the cor-
rect effective stress for soils could reduce this error 
significantly (Jarast and Ghayoomi 2017a). 

To investigate this effect, two very common soil 
properties are evaluated in this paper. The very first 
information that one may obtain from CPT data is 
the soil type. Robertson and Cabal (2015) proposed 
a Normalized Soil Behavior Type (SBTN) plot to 



identify the soil behavioral type from the cone data. 
Given the measured cone resistance from the pene-
tration tests in this paper inside the geotechnical cen-
trifuge, this plot is evaluated for 2.5 m depth. Three 
colored lines are marked on Robertson’s SBTN 
chart in Figure 7. Because of the very shallow depth 
of the tests the friction ratio will be very small, 
which is consistent with the measured side friction 
profiles. 

  
 

Figure 7. SBT-N soil type characterization (after Robertson 

2009) 

The normalized cone resistance in Figure 7, i.e. 
Qtn = (qt – σv0) / σ’v0, in these colored lines are esti-
mated for dry, saturated, and unsaturated sand layers 
at 2.5 m depth. Importantly, the effective stress val-
ues were estimated using Bishop’s unified effective 
stress formulas for dry, saturated, and unsaturated 
soil (given the suction and the degree of saturation). 
The data clearly indicate the influence of the degree 
of saturation in soil characterization. In this chart 
“zone 5” is sand mixtures while “zone 6” is sands. 
However, if the unsaturated condition is ignored and 
the effective stress is calculated assuming a fully 
saturated soil, a significant shift can be observed 
placing the orange circle in the chart. These trends 
clearly show how important the effect of degree of 
saturation is, especially if the effective stress is not 
calculated accurately. 

To further evaluate this effect the impact of de-
gree of saturation on estimated friction angle is 
evaluated; presented in Table 2. The values of fric-
tion angle in this table are calculated from the em-
pirical relation proposed by Robertson and Campan-

ella (1983). Similarly, slight influence of the degree 
of saturation can be observed. However, ignoring 
the influence of suction in the effective stress can 
lead to more significant error in estimate friction an-
gle.  
 

Table 2- Estimated friction angle (using Robertson and Cam-

panella 1983)  

Property value 

Dry sand 31.1° 

Saturated sand 32.6° 

Unsaturated Sand 31.6° 

Unsaturated Sand with Sat-

urated Effective Stress 

35.8° 

5 CONCLUSIONS 

A set of cone penetration tests was performed using 
the developed miniature piezocone inside the ge-
otechnical centrifuge. The cone penetration results 
in dry, saturated, and unsaturated sand layers clearly 
denoted the influence of degree of saturation on the 
measured cone resistance. This change was mean-
ingful even for low suction values and shallow 
depths in this set of tests. This difference would re-
sult in erroneous estimation of soil classification or 
soil properties, especially if suction is not incorpo-
rated in effective stress calculation. Further scaled 
and field tests are required to develop correlations 
with direct effect of degree of saturation. Mean-
while, even if the available correlations are used, the 
effect of degree of saturation in the effective stress 
should be considered.    
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