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Comparison of frozen soil strength characteristics by cone penetration 
and triaxial compression testing 

Daniil Lagosha 
Lomonosov Moscow State University, Russian Federation 

Ivan Sokolov & N.G. Volkov 
Fugro, Russian Federation 

ABSTRACT: The paper provides comparison of field and laboratory tests of permafrost soil. Electrical 
resistivity and temperature piezocone penetration tests (RTCPTu) were carried out in the area of sporadic dis
tribution of permafrost. RTCPTu detected islands of permafrost at depth more than 10 meters. Based on this 
information, undisturbed samples of warm permafrost soils with massive cryogenic structure and thick ice 
lenses (up to 10 cm) were collected using CPT equipment with a direct push soil sampler (MOSTAP) mounted 
instead of cone. The samples were kept in frozen condition and transported to the soil lab, where physical 
properties and triaxial compression tests were carried out. The CPT results included the characteristics of 
long-term frozen soil strength such as σc – the long-term cone resistance and σn – the net long-term cone 
resistance. The results of triaxial tests provided the characteristics of peak strength: σ1 – the maximum vertical 
stress and σ1-σ3 – deviator stress at failure. The frozen soil samples were cleared from ice lenses since it is 
not possible to test them with thick ice lenses. The results of CPT and triaxial testing showed fairly similar 
values, when the cone measured resistance in frozen soil with massive cryogenic structure. When the cone 
was located near ice lenses, the net long-term cone resistance appeared to be much lower compared to devi
ator stress. This observation is in line with conventional theory on physics of ice which states that ice has 
near-zero long-term strength. The obtained results clearly show the value and advantage of CPT in permafrost 
(in-situ testing) compared with triaxial compression testing (laboratory). The properties of frozen soil in-situ 
may significantly differ from properties of frozen soil in a sample. This must be considered for designing civil 
structures on permafrost. 

1 INTRODUCTION 

Conventional geotechnical drilling and sampling of 
permafrost is a challenging problem due its vulner
ability. Frozen soils with high ice content at 
a temperature near freezing point may be easily dis
turbed due to frictional heating, drilling fluid, ice 
brittleness and other factors. CPT on permafrost is 
a maturing technology which has been successfully 
applied recently. A great benefit would be to use 
CPT equipment together with direct push soil sam
pling which is commonly used for non-frozen soils. 
This combination of CPT and frozen soil sampling 
was successfully tested in the city of Novy Urengoy, 
West Siberia, Russia in 2019. 

The site is located in Novy Urengoy, Russia. The 
soils of the site were investigated on a depth of 
more than 25 m using field and laboratory tests. 
Retrospectively the site is located in the northern 
part of the West Siberian plain in the river basin, 
where accumulation of lake-alluvial sediments took 

place. The surface relief is flat due to urban con
struction. Site soils are represented by clays (from 
sandy to silty) and sands, rarely peat. In some 
areas, there are permafrost soils from a depth of 
9-15 meters. 

The roof of permafrost soils is marked at dif
ferent depths under the structures on this site. 
Moreover, there is the complete absence of 
frozen rocks on some parts of the site. So, there 
are uneven settlements of structures, which lead 
to theirs deformation and formation of cracks 
in them, causing the emergency condition of 
structures. 

The site was located in the basements of two resi
dential buildings (Figures 1, 2). The height of the 
basements is less than 2 meters. There are many con
tinuous sewer and heating pipes inside, complicating 
the tests. Thus, site conditions did not permit the 
using of a heavy vehicle-based cone penetration unit 
or other commonly used field methods using large-
sized equipment. 
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Figure 1. Map location area – Novy Urengoy, Russia. 

Figure 2. Site view. 

2 FIELD TESTS OF PERMAFROST - CPT 

2.1 CPT performing 

To perform cone penetration tests (CPT) with meas
uring of conductivity, temperature and pore pressure 
RTCPTu, a special small-sized unit with a nominal 
penetration force of 150 kN was used (Figure 3). 

CPT was carried out in two modes: continuous 
(a constant rate-controlled penetration) and “with 
stabilization” of the cone (similar to “dissipation” 
test but rods are kept clamped). The second mode 
when qc is measured is also called stress relaxation 
test, which carried out in a frost layer of the soil to 
investigate the relaxation behaviour of permafrost. 

The stress relaxation test allows to obtain the soil 
strength parameters similar to those of the continu
ous type test, but instead of the values of first type 
test, stabilized second type test values of the cone 
and at the friction sleeve resistance (qcs, MPa and fss, 
MPa) are obtained. Based on the results of the stress 
relaxation test, it is calculated the long-term strength 
of the soil under the cone (σc, MPa) and on the fric
tion sleeve (σs, MPa). In moving of a cone, the soil 
is loaded by a value more than the instantaneous 
strength. When a cone stops moving, it is fixed and 
the stress relaxation is recorded. The values are 
recorded until the readout parameters stabilize. 

Correlation of the listed parameters for frozen 
soils is as follows: 

- for the cone resistance: qcv > qcs > σc is always 
observed, and qcv = qcs (0 sec) at the same CPT 
point and at the same depth; 

Figure 3. Map location area – Novy Urengoy, Russia. 

- for the friction sleeve resistance: can be fsv ≈ ≈< 
fss and fsv > fss, but fsv and fss are always more 
than σs. 

Cone penetration tests in velocity mode were exe
cuted at 2 cm/s for maximum depths up to 30 m, 
including tests in cone stabilization mode. They 
were performed to a depth of 25 m below the ground 
surface. Temperature and stress relaxation measure
ments were mostly made at the depth of permafrost 
spreading: from 7-9 m to 25 m with intervals of 
1 m at 9-11 m and 2-5 m at 11-25 m. Frozen soil 
temperature measurements confirmed the presence 
of frozen soils at the site. The tests were carried out 
in July-August 2019. Measured temperatures in the 
frozen soils ranged from -0.9 to -0.1°C. 

2.2 MOSTAP soil sampling 

Soil sampling was performed with a MOSTAP direct 
push soil sampler (Robertson, 2014) from the CPT 
unit. A total of 13 soil sampling points were exe
cuted on the site. Sampling was carried out very 
close to the CPT points, at a distance of 1-2 m, for 
reliable correlation of the results of testing and sam
pling and minimal influence of soil variability factor. 
In total, 146 samples were taken, of which 110 of 
them were unfrozen and 36 of them were frozen 
(Figure 4). It is worth to emphasize that the sampling 
of frozen soils using the MOSTAP technology was 
carried out for the first time. 

In this paper, frozen clay was considered as the 
object of researching. It was chosen due to the fact 
that it was the cause of uneven sedimentation at the 
site. It was also of scientific interest to research the 
strength characteristics of the frozen soil areas with 
thick ice lenses. 

Considering frozen soil layer was investigated 
well by both sampling and cone penetration testing. 
The temperature of the investigated soil varies from 
-0.3 to -0.11°С. It is deposited from a depth 
of 10 m. Sampling was carried out at a depth of 
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10-15 m. 11 samples were taken. Within this layer, 
16 points of CPT were executed in the velocity mode 
and 45 stress relaxation tests in the stabilization 
mode of the cone. Out of this number of tests, values 
for analysis were selected from 8 points. All the 
CPT points with stress relaxation tests were located 
very close to the frozen soil sampling points - at 
a distance of 1-2 m. 

Figure 4. Part of investigated frozen soil, sampled by 
MOSTAP. 

3	 LABORATORY TESTS OF PERMAFROST – 
TRIAXIAL COMPRESSION TESTING 

3.1 Specimens preparing 

Various characteristics of the composition and proper
ties of investigated soils were determined in the field 
laboratory. According to their results, the soil can be 
characterized as frozen clay from silty to sandy, with 
ice from well-bonded, no excess ice to thick ice inclu
sions, non-saline, from very stiff to soft. 

To determine the strength characteristics of the 
investigated soil by triaxial test, specimens were 
made of selected samples of frozen clay. Soil sam
ples with a massive cryogenic structure were tested 
in a triaxial compression apparatus to ensure that the 
homogeneity condition of the specimen was met. 

Specimen preparation for the test was carried out 
in a special room with the maintenance of negative 
temperature (cryogenic chamber). The specimens cut 
from the frozen samples had a cylinder shape with 
a height (h) to diameter (d) ratio of 2:1 (70 mm: 
35 mm) (Figure 5). 

3.2 Performing tests and theirs results 

The chamber and the counter-pressure system of the 
triaxial apparatus chamber supplying the fluid to the 
stamps, and the holes in the stamps were filled with 
a special liquid with a negative freezing temperature 
by raising the pressure in the counter-pressure 
system with complete displacement of air bubbles. 
The triaxial tests were executed in the consolidated-
undrained mode without pore pressure measure
ments. The investigated soil was in the frozen state, 
so it was not possible to measure pore pressure. 

In this case to determine the strength of the soil in 
full stresses, it was measured by the peak of the stress 
deviator. The specimen is broken by applying 
a vertical loading with the pressure in the chamber 

Figure 5. Example of a test soil specimen in cross-section 
and longitudinal section. 

previously reached and the drainage blocked. Kine
matic test mode was used: vertical loading is applied 
with a given constant rate of deformation of the speci
men. The rate of specimen loading was 0.02 mm/ 
minute. 

Soil temperature during triaxial tests is -1°C. This 
is the highest subzero temperature that can be main
tained in the apparatus to keep specimens in frozen 
state. In the natural soil conditions, their temperature 
is close to the freezing start temperature and to zero 
from -0.3 to -0.1°C, which is technically extremely 
difficult to assign in the device today. The tests lasted 
from 11 to 21 hours. The consolidation time of the 
samples was 4 hours. The confining stress in the tri
axial device was within 280-300 kPa. 

Of the executed five tests, it can be highlighted 
two “paired” tests, i.e. performed on specimens 
taken from one sampling point and one depth inter
val, and one “unpaired” test. Therefore, all speci
mens were aged for 1 day and tested under identical 
consolidation and loading conditions, so the “paired” 
tests could be compared to each other. 

Figures 6 and 7 show the results of triaxial tests. 
Specimens No. 2-5 exhibited a brittle behaviour, 
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specimen No. 1 exhibited a ductile behaviour 
(Figure 7). “Paired” specimens No. 1 and No. 2, 
No. 3 and No. 4 showed quite close peak strength to 
each other: 697 and 679 kPa; 989 and 935 kPa, 
respectively. The results are repeatable and confirm 
the validity of the testing procedure. 

Figure 6. The graph of deviator stress dependence on ver
tical axial deformation. 

It should be noted that fracturing time of specimens 
No. 1 and No. 2 was quite close - 15 and 13 hours, 
respectively. At the same time, specimens No. 3 and 
No. 4 had two times more different fracturing times - 7 
and 16 hours. However, in both cases the values of 
stress peak deviator in “paired” specimens are quite 
close. 

The vertical stresses σ1 and deviators at fracture of 
specimens σ1 - σ3 obviously have the same patterns. 
The values of σ1 and σ1 - σ3 range from 0.96 to 1.28 
MPa and from 0.68 to 0.94 MPa, respectively. 

Figure 7. A frozen soil sample after the triaxial test and its 
failure character. 

4 COMPARISON CPT AND TRIAXIAL TESTS 
RESULTS 

4.1 Mechanism of tests 

The triaxial tests simulated natural soil conditions 
similar to the stress relaxation tests performed by 
cone penetration testing. 

The mechanism of these tests is quite similar. In 
the triaxial compression device, the stamp transmits 
vertical stress to the specimen, and the fluid filling 
the chamber space makes all-round pressure on the 
specimen, allowing the stress-strain state of the 
tested soil in the natural conditions to be remake as 
much as possible (Figure 8b). 

When executing the stress relaxation test by CPT, 
the cone is penetrated directly into the soil to the depth 
of the investigation, stopping at that depth. As a result, 
the soil mass makes all-round compression of the 
investigated soil layer from all sides, and the cone, 
similarly to the stamp in the triaxial apparatus, assigns 
vertical stress at a constant rate of deformation. In add
ition, CPT is sensitive to transient zones of the soil 
mass (changes in soil type) and soil variability, such as 
ice lenses, due to the influence zone of the cone 
(Figure 8a). 

Figure 8. Mechanism of the main stresses in the test 
method of: a) CPT and zone of influence of the cone; b) tri
axial compression. 

The principle of the major stresses in both 
test methods is similar, but it is necessary to 
consider factors that will reflect the difference 
between the results obtained by them. These fac
tors are: 

• ground temperature; 
• geometric shape of the stamp/cone; 
• soil variability; 
• stress-strain state of the soil. 

As a result of the performed tests and their process
ing the following strength characteristics were 
obtained: 
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- by CPT method: 
● cone resistance qc; 
● long-term cone resistance σc; 
● net long-term cone resistance σn; 
- by triaxial compression method: 
● vertical stress at specimen failure σ1; 
● stress deviator at specimen failure (peak soil 
strength) σ1 - σ3. 

The cone resistance of the soil qc in this paper is 
taken equal to the corrected cone resistance values 

where a - base area coefficient of the cone, 
u2 - pore pressure (Lunne et al., 1997), 
i.e. pore pressure in frozen soils is not considered. 

Consequently, qt = qc. 
From the values of qc obtained from direct meas

urements, it was obtained the values of the long-term 
cone resistance σc. For this purpose, it was used the 
method of calculating this parameter based on the 
dynamometric method of Vyalov (1986). 

This method of measuring stress relaxation helps in 
evaluating the long-term strength of the soils which 
serve as the basement of the structure. Processing 
application of stress relaxation curves obtained in the 
field tests with the help of the described equation 
makes it possible to obtain values of long-term 
strength of soil at a given depth. The validity of appli
cation of this equation is confirmed by researches of 
Vyalov (1986), Volkov and Sokolov (2018; 2019; 
2020). 

4.2 Comparison of the results 

Based on the obtained values of the long-term cone 
resistance σc, the values of the net long-term cone 
resistance of the soil σn were obtained by: 

where σvo - overburden stress (Lunne et al., 1997). 
To compare the results of the strength characteris

tics investigation of the investigated soil, the values 
of σc and σ1 and as well σn and σ1 – σ3 were taken 
and their dependence on the depth of the investiga
tion was plotted (Figures 9, 10). 

As a result of the analysis it should be paid atten
tion to the following: 

1. The pattern of σ1 and σ1 - σ3 values growth with 
depth is clearly traced, similar to the pattern of 
the long-term cone resistance of the soil. 

2. The values of σc obtained at the depth of investi
gated soils vary from 0.25 to 1.15 MPa. It should 
be noted the increase of long-term cone resist
ance of the soil with increasing the depth of 
investigation. 

Figure 9. The graph of long-term cone resistance and verti
cal stress at triaxial test failure of specimen dependence on 
depth. 

Figure 10. The graph of net long-term cone resistance and 
stress deviator at triaxial test failure of specimen depend
ence on depth. 

3. The values of	 σn change from 30 to 920 kPa. 
A higher net long-term cone resistance with 
increasing depth is also noted. 

4. Minimum values of σn (30 kPa) are close to zero. 
This indicates the presence of ice lenses in the 
zone of cone influence. Such frozen soils are 
characterized by low bearing capacity during 
long-term loading application. 

5.	 The maximum values of σn (0.56-0.92 MPa) and σc 
(0.82-1.15 MPa) obtained by CPT correlate well 
with stress deviatiors (0.7-1.0 MPa) and vertical 
stress (0.96-1.3 MPa) in failure of specimens tested 
by triaxial compression. These values were 
observed in frozen soils with massive cryogenic 
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structure, which was confirmed by sampling. In 
addition, frozen soil samples were tested in the tri
axial apparatus with exactly this cryogenic structure 
to meet the condition of sample homogeneity. 

6. The temperature of the triaxial tests is -1℃. This 
is the highest subzero temperature that can be 
maintained for high-temperature frozen speci
mens in triaxial testing. In the natural soil condi
tions, their temperature is close to the freezing 
start temperature and to zero - from -0.3 to 
-0.1℃, which is technically extremely difficult to 
create in the device today. As it is known, when 
the temperature of frozen soil decreases, its 
strength increases. Perhaps that is why the values 
of the results of triaxial tests are correlated with 
the maximum values of CPT. 

Thus, the results of cone penetration and triaxial 
testing show fairly similar results in the case of 
a massive cryogenic structure of soil. Determining 
the strength in frozen soil with lensed cryogenic 
structure is currently a important question. There is 
not yet a consistent method for such determination. 
In this case, CPT revealed that in frozen high-
temperature ice-rich clays, the long-term strength 

over time when the load is applied will tend to small 
values, close to zero. 
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