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1 Introduction
This report summarizes incremental loading oedometer tests conducted on specimens of frozen
fine grained sediments from the Qaanaaq area. As part of the site investigations conducted in
Qaanaaq in the summer of 2017, 23 boreholes were drilled using a Nordmeyer DSB 3 drill rig. As
the area is affected by continuous permafrost, the boreholes were drilled using a special hollow
stem auger (ice auger) for coring of fine grained frozen sediments, while coarser sediments and
rock were drilled using downthehole (DTH) hammer. Intact permafrost cores were described
and photodocumented onsite. They were then packed in Tubolit foam tubes for insulation and
placed in core boxes in a temperature controlled container at a temperature of−10 °C for shipment
to Denmark, where they were classified and tested in the Permafrost Laboratory of the Technical
University of Denmark.

1.1 Sample preparation and selection
Most formations encountered during drilling operations in Qaanaaq were relatively coarse grained
and unsuitable for consolidation testing in the smallring (35mm diameter) setup available in the
temperature controlled DTU permafrost laboratory. Samples were thus selected from the few
available intact frozen cores of silty and clayey soils retrieved from boreholes QAA201714 (air
port), QAA201718 (beach east of town) and QAA201722 (by power plant). The locations of these
boreholes are illustrated on the map in figure 1.1, and borehole profiles are available in appendix
A. The cores and final samples selected are listed in tables 1.1 and 1.2.

Sample classification was conducted according to the Danish practice for engineering geologi
cal sample description (Larsen et al., 1995), and ice contents were classified according to the
visual/manual procedure (ASTMD408389, 2007).

Table 1.1: Cores selected for oedometer testing and the requested load in the thaw branch
for each test. References to reports where data were first reported are given in the last
column.

Depth Location thaw branch σ′

Borehole Lab no. [mbgs ] in core [kPa] Reference
1 QAA201714 06B 2.502.78 Bottom 114 kPa [2]
2 QAA201714 09A2 4.464.66 Bottom 149 kPa [2]
3 QAA201714 09B 4.734.77  160 kPa [1]
4 QAA201714 23A 10.9811.01  280 kPa [1]
5 QAA201718 03C 1.251.35 Top 32 kPa [3]
6 QAA201722 27B 12.6712.77 Bottom 309 kPa [3]
7 QAA201722 27A 12.6312.67  200 kPa n.a.

[1] Experiment reported in Vakulenko (2018a)
[2] Experiment reported in Vakulenko (2018b)
[3] Experiment reported in Kristensen (2019)
[n.a.] Experiment is not reported elsewhere

According to the borehole logs, all cores were classified as CLAY with varying components of
silt and sand. All core material was classified as ”well bonded” with no visible ice (Nbn or Nbe) or
visible ice in the form of distinctly oriented ice formations (Vs) or individual inclusions (Vx). No sep
arate classification has been carried out of the samples selected for oedometer tests. Cores and
specific material for the consolidation tests were selected to avoid segments with larger grains
(gravel), as such grains would dominate the experimental results in the small specimens used.
Segments with high excess ice contents were also avoided, as the presence of excess ice signif
icantly complicates the preparation of a reqular shaped test specimen.

Oedometer tests on frozen cores from Qaanaaq, Greenland 1
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Table 1.2: Final samples prepared for oedometer tests. Soil classification and descrip
tion of ice contents relate to the full core runs from which the samples were selected,
and were obtained from the borehole logs.

Borehole Lab Depth Description
1 QAA201714 06B 2.77 m CLAY, silty, shell fragments, black, saline.

ICE: Nbe, Vs at the bottom of core
2 QAA201714 09A2 4.65 m CLAY, black, ICE: Nbn
3 QAA201714 09B 4.75 m CLAY, black, ICE: Nbn
4 QAA201714 23A 11.00 m CLAY, silty, Very dark gray, ICE: Nbn
5 QAA201718 03C 1.26 m CLAY, v. silty, saline, ICE: Nbn
6 QAA201722 27B 12.76 m CLAY, silty, sandy to v. sandy, very dark gray

to black, saline. ICE: Nbn/Vs
7 QAA201722 27A 12.65 m CLAY, silty, sandy to v. sandy, very dark gray

to black, saline. ICE: Nbn/Vs

Originally cores were drilled with ice augers of 70mm inner diameter. Subsampling of the frozen
core material was performed using a core drill mounted in an upright drilling machine at −10 °C.
Subsequently the samples were manually adapted to the test ring using a Stanley knife.

Oedometer tests on frozen cores from Qaanaaq, Greenland 3



2 Oedometer testing
2.1 Test method
The test specimens were trimmed to an initial height of approximately 20mm and a ring inner di
ameter of approximately 35.7mm and installed in a liquid free standard geotechnical oedometer
apparatus as illustrated in figure 2.1. Except for sample dimensions, the test procedure follows
DS/CEN ISO/TS 178925 with necessary modifications to allow for testing at subzero tempera
tures.

The oedometers were placed in a temperaturecontrolled environment, with continuous temper
ature measurements by PT100 sensors installed in the drainage channel below the filter stone.
Furthermore, the temperature of the climate chamber and the computer room (where loggers and
signal conditioners were located) was continuously monitored using thermistors.

The consolidation process has been divided in a frozen branch (loading), a thawing branch (con
stant load), and an unfrozen branch (unloading and reloading). In the frozen branch, the samples
were initially loaded incrementally at constant temperature to the load levels given listed in table
1.1 as [Thaw branch σ′]. This selected thaw branch loads were typically selected based on the
insitu stress levels experienced by the samples. In the thawing branch, the sample temperature
was gradually increased at constant load, to allow thawing to occur and to register the effects
of increasing unfrozen water content. In the unfrozen branch, the samples were incrementally
unloaded and reloaded to a maximum load of 2400 kPa in order to determine the unfrozen defor
mation properties. The load and temperature scheme is shown in table 2.1 for two of the samples.
The duration of each load step was individually adjusted to ensure primary consolidation had com
pleted and the creep phase was well described. For thaw branch temperature steps, the duration
was adjusted to ensure stabilization at the new temperature level. The remaining samples were
tested with similar programs, adjusted for the relevant thaw branch loads.

The sample deformation was logged at a one second interval for the first hour of each new step and
with an interval of 30 s for the remainder of the step. Temperatures of sample, climate chamber
and computer room were continuously logged at an interval of 30 s.

Figure 2.1: Sketch of the oedometer cell. 1) Specimen, 2) specimen ring, 3) constraining steel ring,
4) top and bottom filter stone, 5) steel base, 6) PT100 sensor for sample temperature monitoring,
7) pressure head and 8) LVDT for strain readings is mounted here. F indicates direction of load
application (Agergaard, 2017)

.
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Table 2.1: Two examples of the program for load and temperature steps for temper
ature controlled consolidation tests with the initial frozen loading branch extending
to either 114 kPa or 149 kPa. The other tests followed similar programs, with the
load in the thaw branch adjusted accordingly.

Thaw branch load 114 kPa Thaw branch load 149 kPa
Stress level Temperature Duration Stress level Temperature Duration

1.5 kPa −9.0 °C 2h 1.5 kPa −9.3 °C 2h
12 kPa −10.0 °C 3h 12 kPa −10.2 °C 3h
22 kPa −10.9 °C 16h 22 kPa −11.0 °C 16h
42 kPa −11.0 °C 25h 42 kPa −11.1 °C 25h
73 kPa −11.0 °C 25h 80 kPa −11.1 °C 25h
114 kPa −11.0 °C 21h 149 kPa −11.1 °C 21h
114 kPa −11.6 °C 48h 149 kPa −9.3 °C 48h
114 kPa −7.5 °C 24h 149 kPa −7.6 °C 24h
114 kPa −6.2 °C 54h 149 kPa −6.3 °C 54h
114 kPa −5.2 °C 42h 149 kPa −5.3 °C 42h
114 kPa −4.2 °C 33h 149 kPa −4.3 °C 33h
114 kPa −3.3 °C 39h 149 kPa −3.5 °C 39h
114 kPa −2.4 °C 24h 149 kPa −2.5 °C 24h
114 kPa −1.2 °C 45h 149 kPa −1.4 °C 45h
114 kPa 4.0 °C 26h 149 kPa 3.9 °C 26h
73 kPa 4.7 °C 1h 83 kPa 4.6 °C 1h
27 kPa 4.8 °C 1h 22 kPa 4.6 °C 1h
1.5 kPa 4.7 °C 14h 1.5 kPa 4.5 °C 14h
155 kPa 4.8 °C 14h 155 kPa 4.8 °C 14h
308 kPa 6.8 °C 17h 308 kPa 6.7 °C 17h
614 kPa 6.2 °C 24h 614 kPa 5.7 °C 24h
1226 kPa 5.4 °C 22h 1226 kPa 5.1 °C 22h
2451 kPa 5.2 °C 41h 2451 kPa 5.0 °C 41h
1226 kPa 5.2 °C 1h 1226 kPa 5.0 °C 1h
614 kPa 5.2 °C 1h 614 kPa 5.1 °C 1h
308 kPa 5.3 °C 1h 308 kPa 5.1 °C 1h
155 kPa 5.3 °C 1h 155 kPa 5.1 °C 1h
1.5 kPa 5.3 °C 3h 1.5 kPa 5.1 °C 3h

2.2 Results
The result of the oedometer tests are fully documented in appendices C to I. For each sample the
appendices present the following:

• the final stressstrain curve

• the full table of classification parameters for the tested sample

• an overview table of the applied load and temperature steps and the corresponding inter
preted results

• an overview graph of the complete timeseries of strains throughout the experiment

2.2.1 Classification parameters for test specimens
Classification properties of the test specimens were determined by weighing and measuring di
mensions of each sample before and after the oedometer tests. The posttesting sample height
(used for volume and density calculation) was calculated from the LVDT strain (εf ) at the end of
the final unloading step. One exception is the sample QAA201714 S23A, which experienced an
unreasonably large rebound during the unloading. In this case the sample was physically mea
sured after disassembling the setup. A summary of the results is presented in Table 2.2, and full

Oedometer tests on frozen cores from Qaanaaq, Greenland 5



details are available in appendices C to I. Table 2.2 summarize all classification data available for
the samples; the referenced tests were conducted on material from the same frozen core samples,
but not necessarilry on the actual test specimens.

Void ratios (e) and ice and water saturations (Sr,i before test, Sr,w after test) are calculated based
on grain densities (ρs) measured on the sample material. For samples 1, 2 and 7, grain densities
were not measured, so the nearest available measurement from the same borehole was used in
the calculations.

The void ratios before test typically range from 0.4 to 0.91, and the ice saturations (Sr,i) are close
to unity. As the unfrozen water characteristics of the samples are unknown, parameters were cal
culated with the assumption that all water exist as ice in the frozen sample. Similarly, after testing,
in the unloaded, thawed state, the water saturation is typically close to unity. Subsaturation is
expected to some extent, as the tests were conducted without water in the chamber around the
sample, and thus the samples will not necessarily take in water during unloading. A few samples
show apparent water supersaturation after testing (Sr,i > 1) which is not physically possible, and
must be ascribed to measurement uncertainties (typically geometries or grain density).

All samples tested were saline, with Practical Salinities (Sp, unitless) ranging from 29.5 to 41.8.
For comparison, standard seawater has a Practical Salinity of 35.0 by definition (IOC et al., 2010).
All samples were relatively fine grained, with grain sizes in the clay and silt fractions constituting
between 16 and 89%. Samples classify as Lean Clays (CL) to Silty/Clayey Sands (SC/SM) ac
cording to the Unified Soil Classification System (ASTMD248711, 2011). Surprisingly, the two
specimens (sample 6 and 7, specimen 27A and 27B) from borehole QAA201722 have very dif
ferent fines content, despite the fact that the specimens are adjacent subsamples of the same
core.

2.2.2 Oedometer results
The main results of the oedometer tests are shown in figures 2.3a to 2.3g in the form of stress
strain curves for each tested specimen. During the first two load steps (1.5 kPa and 10 kPa) the
system is readjusting to the sample, and thus intial zero strain is typically defined at the end of the
10 kPa load step.

Most samples show limited deformation upon thawing, with thaw branch strains in the range from
2 to 4%. Exceptiona are samples 1 and 4 (QAA201714 S06B and QAA201714 S23A) which
experience 7% to 8% deformation during the thaw branch.

Due to multiple climate chamber malfunction events, a well described thaw branch with sev
eral complete temperature steps are only available for samples 1 and 2 (QAA2017S06B and
QAA201714 S09A2). These tests document that most of the thaw related strain occurs at tem
peratures lower than −1.5 °C, which is consistent with the high Practical Salinities of the samples
causing a freezing point depression of the porewater. For the remaining samples, the climate
chamber malfunction events and resulting uncontrolled (in some cases partial) thaw of the speci
mens, mean that the thaw branch can be mainly used to estimate the total thaw related strain of
the samples. More details of the loading, strain and temperature history of the tests is available in
appendices C to I.

In the reloading branch after thawing, where time curves are wellbehaved, these have been in
terpreted using the squarerootoftime method as described in DS/CEN ISO/TS 178925 (2004).
The deformation at end of primary consolidation (ε100) and the final deformation (εf ) at each step
is indicated on the stressstrain curves in figure 2.3.

Based on the interpreted 90% consolidation time, t90 [s], the coefficient of consolidation, cv [m2/s],
was calculated as:

cv =
0.848 · L2

t90
,

where L [m] is the drainage path, which equals half of the sample height at 50% consolidation.The
coefficient of secondary compression, Cα [%/lct], is taken as the slope of the linear portion (in a

Oedometer tests on frozen cores from Qaanaaq, Greenland 6



Table 2.2: Characterization parameters of samples used for
oedometer testing, before and after test. See full details in
appendices C to I.

Parameter Unit Before test After test
Sample 1: QAA201714 S06B
Water content w [%] 21.15 16.88
Bulk density ρb [g/cm3] 1.96 2.18
Dry density ρd [g/cm3] 1.62 1.87
Void ratio e [] 0.62 0.40
Ice saturation Sr,i [] 0.98 −
Water saturation Sr,w [] − 1.09

Sample 2: QAA201714 S09A2 Top
Water content w [%] 16.45 15.08
Bulk density ρb [g/cm3] 2.07 2.17
Dry density ρd [g/cm3] 1.78 1.89
Void ratio e [] 0.51 0.42
Ice saturation Sr,i [] 0.95 −
Water saturation Sr,w [] − 0.97

Sample 3: QAA201714 S09B Top
Water content w [%] 14.54 11.82
Bulk density ρb [g/cm3] 2.19 2.27
Dry density ρd [g/cm3] 1.91 2.03
Void ratio e [] 0.40 0.32
Ice saturation Sr,i [] 1.06 −
Water saturation Sr,w [] − 1.00

Sample 4: QAA201714 S23A
Water content w [%] 18.43 12.96
Bulk density ρb [g/cm3] 1.97 2.19
Dry density ρd [g/cm3] 1.66 1.94
Void ratio e [] 0.61 0.38
Ice saturation Sr,i [] 0.88 −
Water saturation Sr,w [] − 0.91

Sample 5: QAA201718 S03C
Water content w [%] 26.43 20.72
Bulk density ρb [g/cm3] 1.96 2.17
Dry density ρd [g/cm3] 1.55 1.80
Void ratio e [] 0.77 0.53
Ice saturation Sr,i [] 1.03 −
Water saturation Sr,w [] − 1.08

Sample 6: QAA201722 S27B
Water content w [%] 14.47 12.22
Bulk density ρb [g/cm3] 2.04 2.21
Dry density ρd [g/cm3] 1.79 1.97
Void ratio e [] 0.54 0.40
Ice saturation Sr,i [] 0.80 −
Water saturation Sr,w [] − 0.84

Sample 7: QAA201722 S27A
Water content w [%] 30.38 22.44
Bulk density ρb [g/cm3] 1.88 1.90
Dry density ρd [g/cm3] 1.44 1.55
Void ratio e [] 0.91 0.77
Ice saturation Sr,i [] 1.00 −
Water saturation Sr,w [] − 0.80

Oedometer tests on frozen cores from Qaanaaq, Greenland 7
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log(time) transformation) of the creep part of the time curve. The consolidation modulus, K [kPa],
is calculated as the ratio of the change in effective stress to the change in strain:

K =
∆σ′

ε100 − ε0
.

Finally, the coefficient of permeability, k0 [m/s], is calculated as:

k0 = cv ·
γw
K

,

where γw [kN/m3] is the specific weight of water, here defined as 10 kN/m3.

The interpreted values of cv, Cα, K and k0 are tabelized for each test specimen in the respective
appendix C to I. The full data sets of strain and temperature time series for each test specimen
are available in digital form for further processing and interpretation.
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(a) Sample 1  QAA201714 S06B (b) Sample 4  QAA201714 S23A

(c) Sample 2  QAA201714 S09A2 (d) Sample 3  QAA201714 S09B

(e) Sample 5  QAA201718 S03C

Figure 2.3: Final Stressstrain curves for each oedometer test. Larger versions are included in
appendix C to I.
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(f) Sample 6  QAA201722 S27B (g) Sample 7  QAA201722 S27A

Figure 2.3: Final Stressstrain curves for each oedometer test. Larger versions are included in
appendix C to I.
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3 Summary
Under temperature controlled conditions, temperature controlled incremental loading oedometer
tests have been conducted on 7 samples from theQaanaaq area. The samplematerial is classified
as CLAY with varying components of silt and sand (or in some cases in the USCS as silty/clayey
sand, SC/SM). The samples were collected, transported and prepared in frozen condition for in
stallation in the test setup. The conducted test procedure consisted of an initial frozen loading
branch, where samples were loaded to stess levels in the range 32 kPa to 309 kPa, depending
on the sampling depth and target test application. The samples where then allowed to thaw un
der constant load and using specified temperature steps from −10 °C to 5 °C (thawing branch).
The following unloading/reloading sequence, where samples were loaded to a final stress level of
2400 kPa, was conducted in unfrozen state (unfrozen branch). Finally, the samples were unloaded
and removed from the setup.

Stressstrain curves are presented for the 7 tests and show thaw strains varying from around 2%
to 4% during the thawing branch, with one sample experiencing 8% deformation. The samples
experience the largest thaw strains at temperatures below −1.5 °C due to pore water of high salin
ities causing a freezing point depression. All samples are slightly preconsolidated, most likely a
result of the natural freezing process. Based on the test results we interpret these sediments as
postglacial deposits, as their preconsolidation stresses are much lower than would be expected,
had they experienced the load of an ice cap.

The tested specimens all had relatively low excess ice contents. Core segments with high excess
ice contents were avoided where possible, as the presence of excess ice makes it very difficult
(impossible with the tools available) to prepare a regularly shaped test specimen. For segments
where gravimetric water contents or bulk densities indicate the presence of excess ice, the excess
ice should be specifically considered when estimating the deformation properties.
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A Borehole logs
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QAA2017-14
Borehole location
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Coordinates:

Height ref:   Mean sea level
Ref sys:   UTM Zone 19N / GR96
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Completed: 2017-08-07
Logged by: CSL

Drilling information:

TIN
Drawn by:

NF
QC by:

Draft: Field log
Status:

Qaanaaq site investigations
Project:
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QAA2017-18
Borehole location

Qaanaaq, East town, beach, possible pier location

Coordinates:

Height ref:   Mean sea level
Ref sys:   UTM Zone 19N / GR96

Sampling method: Bag / Core
Drilling rig: Nordmeyer DSB-3
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Completed: 2017-08-12
Logged by: CSL

Drilling information:

TIN
Drawn by:

NF
QC by:

Draft: Field log
Status:

Qaanaaq site investigations
Project:
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QAA2017-22
Borehole location

Qaanaaq, East town, next to power plant

Coordinates:

Height ref:   Mean sea level
Ref sys:   UTM Zone 19N / GR96

Sampling method: Bag / Core
Drilling rig: Nordmeyer DSB-3
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Completed: 2017-08-18
Logged by: CSL
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Drawn by:

NF
QC by:
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B Data anomalies

Table B.1: Description of observed data anomalies and events during the oedometer tests.

Step Approx. time Description
Sample 1: QAA201714 S06B, and
Sample 2: QAA201714 S09A2 Top
Step 7 20181113 01:15 Cold room malfunction, temperature dropped to −25 °C.
Step 7 20181113 09:00 Cold room control system reset.
Step 7 20181113 11:00 Cold room temperature reached set point at −10 °C
Step 12 20181122 08:05 LVDTs register slight drop due to vibration from activity in

adjacent room.
Steps 1624 20181126 to 20181129 Vibrations from construction works outside building.

Sample 3: QAA201714 S09B Top, and
Sample 4: QAA201714 S23A
Step 910 20180917 14:07 Datalogger was reset due to installation of voltage divider.
Step 1112 20180919 13:40 Cold room was opened to replace cables. Sample 2

shows high increase of strain in this period.
Step 1213 20180920 10:00 New LVDTwere installed, defrost cycle was set to 8 hours,

heating system enabled.

Sample 5: QAA201718 S03C, and
Sample 6: QAA201722 S27B
Step 1 20190116 22:00 Cold room malfunction for about 2 hours, little impact on

sample.
Step 5 20190121 6:00 Cold roommalfunction. Severe thawing of samples. Sam

ples refroze upon cold room restart, but the thaw phase
had progressed too far for additional meaningful Tsteps,
so samples were eventually thawed out.

Sample 7: QAA201722 S27A
  Noanomalies encountered.
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C Sample "QAA2017-14 S06B"
C.1 Consolidation curve

Parameter Value

Name QAA201714 S06B
Depth 2.712.75 m
Start date 20181108
End date 20181203
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C.2 Overview of load steps and interpreted results
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D Sample "QAA2017-14 S09A2"
D.1 Consolidation curve

Parameter Value

Name QAA201714 S09A2
Depth 4.464.66 m
Start date 20181108
End date 20181203
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D.2 Overview of load steps and interpreted results
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E Sample "QAA2017-14 S09B"
E.1 Consolidation curve

Parameter Value

Name QAA201714 S09B
Depth 4.734.77 m
Start date 20180830
End date 20181022
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E.2 Overview of load steps and interpreted results
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F Sample "QAA2017-14 S23A"
F.1 Consolidation curve

Parameter Value

Name QAA201714 S23A
Depth 10.9711.01 m
Start date 20180830
End date 20181022
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F.2 Overview of load steps and interpreted results
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G Sample "QAA2017-18 S03C"
G.1 Consolidation curve

Parameter Value

Name QAA201718 S03C
Depth 1.251.35 m
Start date 20190116
End date 20190204
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G.2 Overview of load steps and interpreted results
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H Sample "QAA2017-22 S27B"
H.1 Consolidation curve

Parameter Value

Name QAA201722 S27B
Depth 12.5712.63 m
Start date 20190116
End date 20190204
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H.2 Overview of load steps and interpreted results
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I Sample "QAA2017-22 S27A"
I.1 Consolidation curve

Parameter Value

Name QAA201722 S27A
Depth 12.6312.67 m
Start date 20180316
End date 20180423
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I.2 Overview of load steps and interpreted results
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