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Background

The bearing capacity of permafrost soils are usually high com-
pared to non-frozen soils of the same composition. The
strength of these frozen soils are challenged by the projected
climatic ameliorations in the Arctic, which are expected to
strongly influence the distribution and thickness of permafrost
during the 21 century. In Western Greenland soil temperatures
are projected to increase by 2-3°C inferring Permafrost Thaw
Potentials of more than 2.5 m (Daanen et al., 2011).

Fine-grained permafrost soils are especially affected by the
transition from frozen to unfrozen state, primarily due to the
ability to hold large amounts of ice and the influence on the
soil strength and deformation properties resulting from thaw.
However, also properties such as the unfrozen water content
and the soil salinity play an important role (Arenson et al.,
2007). With projected climate amelioration these property
changes pose a challenge to the desired service life time and
foundation design of new constructions.

For engineers striving to enhance and optimize the service
life time of new industrial facilities and general infrastructure
in permafrost areas, the projected warming poses a dilemma of
whether to accommodate the subsequent change of soil proper-
ties in the foundation design or having to avoid constructing on
permafrost at all. This study aims to delineate trends for the
strength properties of fine-grained permafrost deposits that can
be used to forecast end-of-service-lifetime-strength based on
soil properties obtained from surveys performed at present day
soil temperatures. The data basis is obtained from testing of
natural permafrost soil core samples collected at two locations
in inhabited areas of Western Greenland.

Methodology

Sample material

Permafrost soil cores have been sampled from the top of the
permafrost zone in the townships of Sisimiut and Iulissat situ-
ated at 66.9° to 69.2° northern latitude. Present soil tempera-
tures vary from -3.5°C to 0°C. The preliminary testing classi-
fies the soils as silty to very silty marine clays at both
locations. The chloride concentration in the soil is seen to be
virtually 0 mg/L indicating fully leached conditions resulting in
no residual salinity. The samples from Sisimiut have a volu-
metric excess ice content of 18.5 % of the frozen sample vol-
ume on average while the samples from llulissat are virtually
free of excess ice (0.1 % on average). Sample data are found in
Table 1 below.

Test setup

For each location three samples have been subjected to iso-
tropic consolidation at 100 kPa followed by undrained triaxial
compression testing at a constant rate of strain (0.72%/h) main-
taining a confining stress of 100 kPa to determine the shear
strength at near-thawing temperatures of -3°C, -2°C and -1°C
respectively. Tests were run until an axial strain of 4 %, defin-
ing the failure criterion, was obtained.

Results
Test results

The maximum shear strengths recorded of the individual triaxi-
al tests range from 840 kPa at -1°C to more than 2 MPa at -
3°C. All maximum strengths were obtained at the failure crite-
rion after display of ductile behavior. The strength data is nor-
malized relative to the maximum shear strength at -3°C for
each location, like shown in Equation 1:

T-i’! = Ti"”.EI Tl"rTi‘T’.EI -3 (1)

Where Tmay 7 1s the obtained maximum shear strength and Ty -
3 is the maximum shear strength for test at -3°C. The resulting
data points are then plotted against the temperature to obtain a
trend for the development of the soil strength as a function of
the soil temperature. See Figure 1. A global linear trend is ex-
pressed by the equation

Ty, = —0.21-T + 0.37 2

Where 1, is the normalized shear strength relative to the shear
strength at -3°C and T is the temperature in the range of tested
temperatures from -3°C to -1°C.

Table 1. Classification data for the tested fine-grained perma-
frost samples. Location abbreviations: ‘ILU’ denotes Ilulissat
and ‘SIS’ denotes Sisimiut.

Pbulk Pdry Wivol  Wpg™ Test temp.
[a/cm®] [g/lem’] [

Sample ID %] [%6] [°C]
ILU 1A 201 1.68 0.1 194 -2
ILU 2A 203 1.70 0.1 194 -3
ILU 3A 200 1.65 0.1 194 -1
SIS 4B 150 082 335 335 -3
SIS 6A 177  1.32 82 292 -1
SIS 7B 169 118 139 333 -2

* Gravimetric water content of sample after draining of excess
ice upon thawing.
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Figure 1. Normalized shear strength for natural fine-grained
permafrost samples tested in triaxial compression at a confing
pressure of 100 kPa.

From the shear strength failure values the soil’s correspond-
sing undrained shear strength for use for bearing capacity eval-
uation based on Terzaghi’s bearing capacity theory can be de-
termined as a function of the soil temperature.

Discussion

The two series of normalized shear strengths shown in Figure 1
display a common trend of approximately 20 % decrease of
strength per degree temperature increase compared to the shear
strength at -3°C. This is in spite of the fact that the samples
from the Sisimiut area contain moderate amounts of excess ice,
which generally lowers the maximum strength compared to the
lulissat samples. The trend of decreasing strength with de-
creasing dry density is also demonstrated by Li et al. (2004),
who present uniaxial compression strengths of remolded clay
with variations of dry density, temperature and strain rate.

A slight trend of a decreasing gradient of the curve for the
lulissat samples may be deduced while the opposite seems to
be the case for the Sisimiut samples, but further experiments
must be performed before any conclusions are made in this re-
gard. However, it makes good sense that the strength of the
more ice rich samples should decrease more rapidly as the
temperature close in on the freezing point as the amount of un-
frozen water increase and the viscosity of the ice decrease.

If the shear strength of the design soil, having a present
temperature within the tested temperature range, can be deter-
mined along with the expected soil temperature at end of con-
struction service lifetime, then, given that the latter temperature
also is within the temperature range of the tests in this study,
the strength decrease due to soil temperature change can be es-
timated based on Equation 2. A series of these curves for dif-
ferent soil compositions could provide an efficient design tool
for new construction designs in areas of fine-grained perma-
frost if used in combination with an improved regional climate
model capable of delineating the development of soil tempera-
ture at a sufficient resolution. In this way the development of
soil temperatures within the service life time of the construc-
tion can be predicted and the foundations designed based on
the resulting corresponding bearing capacity available.

This approach is believed to contribute to a sustainable
adaption of the new building mass to the projected climate
changes and generally decrease maintenance costs of new con-
structions built on warming fine-grained permafrost and subse-
quently prolong the effective service life time.

Conclusion

Based on constant rate of strain triaxial compression testing of
two series of natural fine-grained permafrost samples at near-
thawing temperatures it is demonstrated, that a relation exists
connecting the temperature and the normalized shear strength
across variations in sample excess ice content. In the tested
range of temperatures from -3°C to -1°C, the shear strength de-
crease approximately 20 % per degree temperature increase,
relative to the shear strength at -3°C.

It is proposed, that the identified relationship can support
the estimation of future soil strength properties for sustainable
foundation design based on projected soil temperatures based
on relevant climate models.
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