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1. Introduction

Artificial ground freezing is a technique used as a temporary soil stabilisation and insulation
method, e.g., during tunnel constructions in urban areas. It often turns out to be the most
efficient and environmental friendly solution to provide a temporary earth support [18]. In most
cases, the creep of frozen soil, rather than its short-term strength, is of the primary importance.
Present evaluation of the creep deformation of frozen soil is oversimplified. High safety factors
or basing on the engineering experience are commonly applied. This can result in expensive
design or in geotechnical failures. A recent example of such failure is the collapse of a tunnel
in Rastatt, Germany [8]. It indicates that the mechanical behaviour of frozen soil is not well
understood as yet.

The most popular currently used mathematical description of creep in frozen soil [2, 3, 17] is
non-autonomous as it is explicitly dependent on the time elapsed from the onset of creep. The
efficiency and safety of the ground freezing technology could be increased by incorporation of
a sound theoretical model. A new state variable that dictates the rate of creep and ensures the
autonomy of constitutive description should be developed. Novel aspects, like the volumetric
creep and anisotropy of frozen soil, should be experimentally investigated and included into
such model.

In geomechanics, there is no generally accepted set of state variables that governs the rate of
creep in frozen soil except for the stress, o, the temperature, ©, and the void ratio, e. In clayey
soil at positive temperatures, such variable is the overconsolidation ratio, OCR. It is not easy,
however, to adopt the creep rate €"P(OCR) known from [24] for frozen soil because the concept
of the effective stress in frozen soil has not been established as yet. Besides, the OCR-based
models are not capable to describe the tertiary creep.

To develop a novel constitutive framework, the creep of frozen sand was inspected in the frost
laboratory at the Institute of Soil Mechanics and Rock Mechanics (IBF) at the Karlsruhe
Institute of Technology (KIT). Based on the new experimental observations, the shortcoming
of direct time dependence is evident. Simulation of creep with interruptions, like unloadings or
overloadings, using an explicit time function is impossible.

Present state of the art on the creep behaviour of frozen soil is given as first. Novel experiments

required for the formulation of an improved creep description are then described and their results
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are reported. Finally, the essential lab observations are summarised. 52

Notation 53

Bold-face letters, like o, are second rank tensors. The geotechnical sign convention with com- s

pression positive is applied to stress o and strain . The elastic part of strain is denoted as €® s

and the visco-plastic one as €'P. Uniaxial stress is understood as diagonal form o = diag(c,0,0). s

The basic variables are given below. 57
e void ratio
E K elastic constants
P isotropic pressure
S degree of saturation
t time
tm standing time
u(X,t) displacement field in material description
V volume
X reference location
€ strain tensor (compression positive)
e(X,t) deformation field in material description
g’pP visco-plastic strain measured in creep tests under uniaxial stress
Em creep strain at &,
Em minimum creep rate
Evol volumetric strain e,, = tre
€vol max maximum volumetric creep strain
- volumetric content of LI, p~ = VY /V
o total stress tensor (compression positive)
o component of uniaxial stress o = diag(c, 0, 0)
ot effective stress in soil skeleton
© temperature [°C|
3
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L material rate of L, U =09 /ot = LI,
Uhors Llvert  horizontal and vertical component

tru trace of LI, e.g., tro = 0y;

The essential abbreviations are listed below.

A cubic (suited for testing of anisotropy) frozen sample tested without the PTV
AF cubic (suited for testing of anisotropy) frozen sample tested with the PIV

(i-e., ger fotografiert)

C standard (uninterrupted) creep test

CurC creep test with an unloading-reloading cycle followed by creep

CoC creep test with an overloading followed by creep

CoCrC creep test with an overloading followed by creep, reloading and creep

CA creep test with a change of the loading direction (for examination of anisotropy)
CI creep test under isotropic compression

CSR constant strain rate

KFS Karlsruhe Fine Sand

KS cylindrical sample in a creep test (ger Kriechtest) on frozen sand

PIV particle image velocimetry

2. Creep of frozen soil

Three stages of creep are defined for frozen soil, Fig. 1a, judging by the deformation rate as

a function of time:

e primary (decreasing)
e secondary (constant)

e tertiary (increasing),

see Fig. 1b. One interpretes the secondary stage as an inflection point of the €"? — ¢ plot (with
the corresponding minimum of the é"? — ¢ plot) [17, 19, 25]. The creep rate ' in frozen soil is

commonly presented as function of time ¢ and not of strain ¢'? as in the case of pure ice [22].
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Figure 1: Frozen soil: a) schematic microstructure and b) creep under uniaxial stress o = diag(o, 0,0) = const
applied at ¢t = 0 with indicated creep stages: strain P as function of time ¢ and strain rate £'P as function of

time t.

2.1. Creep strain €, at the slowest creep rate &,

If a standard (uninterrupted) creep test is conducted under stress o = const and temperature
© = const, the minimum creep rate ¢,, is achieved at t¢,,, see Fig. 1b, after which the creep

accelerates. The strain accumulated until £,,,

tm
Em = / e"? dt = const, (1)
0

turns out to be a material constant [17, 26], i.e., it is independent of o and ©. This independence

was also observed in the tests reported in Sec. 4.

2.2. Minimum creep rate as a material function &,,(o, ©)

Let us now consider two series of standard creep tests, Fig. 2. Tests in the first series differ
by the values o of stress and in the second one by the values ©@ [°C] of temperature with
1 =1,2,3. It is evident that the minimum creep rate ¢, increases with o, see Fig. 2a—b, and
with ©, Fig. 2c-d. Hence, the minimum creep rate &,, is a function of both, o and ©. A possible

form of function &,,(c,®) was defined in [2, 3, 17] and another one in [23].

2.3. Normalised creep curves

Creep curves £*P(t) and £'P(t) obtained from experiments, Fig. 2, during a standard (uninter-
rupted) creep test can be “normalised” as follows: values corresponding to the minimum creep
rate: €, &, and t,, are used in £'P /e, (t/t,,,) and €'P/¢,,(t/t,,) as shown in Fig. 3. After such

normalisation all experimental curves coincide to a unique curve.
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Figure 2: Creep curves in two series of standard creep tests: a) e'P(¢) and b) €YP(¢) in the first series (tests

differ by stress 0); ¢) €'P(t) and d) €'P(¢) in the second series (tests differ by temperature ©).

a A b) A
£ Jem In (e?/¢,,)
1 :
> 1 >
1 t/tn Uyt

Figure 3: Normalised functions: a) "P /e, (¢/t,,) and b) VP /&, (t/tm).

2.4. Purely volumetric creep

Contrarily to the case of the deviatoric creep, experimental data on the purely volumetric creep
of frozen soil can be hardly found in the literature. Several creep tests on frozen sand under
isotropic pressure are reported in [4]. Volumetric deformation was measured via the volume
change of the cell fluid. The air bubbles in this fluid were not addressed in [4] and hence the
results are not reliable. According to the experience made in this study, air bubbles in the cell

fluid can strongly influence the measured volumetric strain of the tested samples.
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3. Introduction to experiments

Much data on the creep behaviour of frozen sand were provided by Eckardt [5, 6, 7], Orth [17]
and Ting [25] in the 80’s. Most of these experiments were carried out under uniaxial stress
cither as constant strain rate (CSR) or as creep tests. A few tests under uniaxial tension [7] and
under triaxial stress [17] are also reported. The results from [17] were summarised in the form of
several empirical equations describing the creep behaviour of frozen soil depending on the stress
level o and on the temperature ©. This was a starting point for the constitutive description
of the rate-dependent behaviour in frozen soil [2, 3]. Some creep tests with overloadings were
conducted in [5]. However, most observations in [17, 25] are applicable to a nearly constant
load only. Simulation of creep with interruptions (unloadings, overloadings, reloadings) using
the time-based formulations is not possible.

The description of creep proposed in [17] is based on the standing time ¢,, at o = const until
the minimum creep rate &, is reached. Both, ¢,, and &,,, are measurable. Additional aspects
of creep behaviour were investigated under uniaxial stress in this research. These aspects are

listed below and described further in Sec. 4.

e Interruptions and recovery of the creep rate
In order to demonstrate the main shortcoming of the standing time concept, temporary
(1 h to 7 days) unloadings of samples were conducted. A variety of further interruptions,
i.e., different sets of overloadings and reloadings, allowed an accurate inspection of the

creep curves.

e Temperature dependence

It was essential to investigate how the temperature affects the creep curve.

e Dilatancy and distribution of deformation

Particle image velocimetry (PIV) technique allowed the measurement of volumetric de-

vp
vol

formation e, during creep under uniaxial stress and enabled a better insight into the

distribution of deformation within the frozen sample.

e Anisotropy effects
Anisotropy effects may be very strong in the case of pure ice due to the recrystallization

[22]. No experimental evidence could be found in the case of frozen soil. Hence the
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possible effects of anisotropy were investigated on frozen sand. Before t,,, cubic samples
were shortly unloaded, rotated by 90° and then reloaded to study whether such operation

can affect the creep rate £"P.

Additionally, some volumetric creep tests under isotropic compression were conducted in the

course of a bachelor thesis at IBF, KIT [35] and their results are summarised in Sec. 5.

e Purely volumetric creep
Volumetric creep of pure ice under constant isotropic stress is related to the presence of
air bubbles in ice [12]. Unfortunately, there is a lack of lab data for frozen soil. Creep
tests under isotropic stress are technically troublesome but they confirmed the volumetric

creep of frozen soil to be due to the presence of air bubbles only.

Apart from the creep behaviour of artificially frozen sand, other important engineering prob-
lems related to frozen soils, like the frost heave in fine-grained soils, have been studied in the
literature. The corresponding experimental evidence and constitutive models are reported, for

example, in [14, 31, 34].

4. Creep tests under uniaxial compression

Creep tests under uniaxial stress are essential for the formulation of a novel constitutive de-
scription. All experiments were conducted in the cold room of the frost laboratory at IBF
within a doctoral study and a comprehensive lab report is given in [23]. Stress and tempera-
ture levels were chosen in the tests to cover practical values from applications of the ground

freezing technology, particularly in tunnel engineering.

4.1. Tested material, sample preparation and experimental procedures

All tests were conducted on Karlsruhe Fine Sand (KFS) which is well-known from numerous
works elaborated at IBF, KIT [9, 13, 29, 33]. Basic properties of the tested material are given
in Tab. 1.

Two kinds of frozen samples were prepared: conventional cylindrical ones (KS) and cubic ones
tested either without (A) or with the PIV (AF). Cylindrical samples had the diameter of 10 cm

and the height of 15.5 cm. Samples for testing of anisotropy were chosen to have the cubic
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Table 1: Basic properties of Karlsruhe Fine Sand (KFS).

d50 Cu Ps €max €min %2

mm - g/em? - - °

014 15 265 1.054 0.677 33.1

form. Such form also facilitated the processing of data in the case of tests with the PIV. Size
of the cubes was constrained by the available freezing equipment to 7 x 7 x 7 cm?.

Sample preparation was aimed at the reproducibility, full saturation and homogeneity of poros-
ity. Void ratio e, degree of saturation S and density index I of all samples referred in this

paper are given in Tab. 2.
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Table 2: Void ratio e, density index Ip
and degree of saturation S: cylindrical
samples (KS), cubic samples (A) and cu-
bic samples tested with the PIV (AF).

€ ID
Sample

KS1 0.95 0.88 0.47
KS2 0.99 0.84 0.58
KS3 1.00 0.85 0.55
KS4 0.97 0.87 0.48
KS7 0.97 0.72 0.89
KS8 0.98 0.70 0.94
KS9 0.98 0.71 0.91
KS10 0.99 0.73 0.87
KS11 0.98 0.71 0.91

Al1® - 0.73 0.87
A28 - 0.72 0.89
A3 0.97 0.72 0.89
A5 0.96 0.73 0.85
A6 0.96 0.72 0.90
AT 0.96 0.72 0.88
A8 0.95 0.72 0.89

AF1 0.93 0.77 0.76
AF2 0.95 0.76 0.79
AF5 0.96 0.74 0.83
AF6 0.96 0.76 0.79
AF7 0.96 0.76 0.79
AF8 0.96 0.74 0.84
AF9 0.96 0.76 0.78
AF10 0.96 0.76 0.78
AF11 0.95 0.76 0.78
AF12 0.95 0.79 0.71
AF13 0.95 0.73 0.85
AF14 0.96 0.75 0.81
AF15 0.92 0.76 0.79
AF16 0.96 0.73 0.85
AF17 0.97 0.75 0.82

2 Dry mass of the sample was not mea-

sured after the test.

10
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4.2. Processing of data

Data acquisition was done by the data logger of the hydraulic press. For the postprocessing,
a self-developed MaTHEMATICA [30] package Freeze® was used. The scatter in results (creep
strain and its rate) was smoothed using a Gaussian kernel and the results were plotted in the
form of creep curves. Gaussian kernel with the radius r» was applied and the smoothing caused
the loss of r first and r last measurements in each list of results. This can be seen in the
reported diagrams, e.g., the plotted £€"P(¢'P) curves do not start at P = 0.

Greased rubber pads were placed at the interfaces between the sample and the end plates of
the testing device to reduce friction and to improve the uniformity of stress distribution within
the sample. However, the strain measured via the displacement of the end plate during the test
includes a portion from the rubber pads with grease. The part of deformation resulting from
compression of these pads is called the bedding error. It was measured and taken into account

in the processing of data [23].

4.3. Interruptions and recovery of the creep rate

From the practical point of view, a constitutive description should consider a general case of
creep interrupted by different sets of unloadings, overloadings, reloadings. For this purpose,
the existence of a unique creep curve P /é,, (P /e,,) specific to a given type of frozen soil is
postulated. This universal creep curve was verified by conduction of the tests with different

interruptions.

4.8.1. Standard (uninterrupted) creep tests (C)

To examine whether the interruptions affect the creep rate, the referential standard creep test
(C) will be used for comparison. 14 such C tests were carried out under various conditions.
Details on these tests are included in Tab. 3.

Note that the representation £'P(¢'P) is common in the glaciological literature, e.g., [22]. The
advantage of €"P(¢"P) over £'P(t) is due to the autonomy of £"P(e'?). Hence, the creep rates
from all C tests are shown in Fig. 4 in the form of £é"?(¢'P) graphs.

Unfortunately, a considerable scatter of the test results can be seen in Fig. 4. No systematic
relation of this scatter to discrepancies in the physical parameters of the samples, like the void
ratio e, could be recognised. This scatter can be a consequence of the used lab technique.

The novel preparation technique might have caused the heterogeneity of samples. Influence of
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Figure 4: é'P(¢"P) curves in all C tests at various o and © with indicated minima (g,,, & ).

different lab techniques (like air-pluviation, water-pluviation) on the scatter in results should
be conducted. The problem of the scatter in results of experiments on frozen soils is addressed,

e.g., in [15].

12
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Table 3: Summary of C tests.

Sample/  Type €] o tm Em Em
Test of test °C  MPa  min % % /min

KS2 C -10 5 4310 7.5 1.1-1072
KS9 C -10 7 136.1 5.8 2.7-1072
KS10 C -10 5 544.5 5.7 5.0-1073
KS11 C -10 7 142.4 5.7 2.6-1072
A2? C -10 5 - - -
AgP C —-10 5 12416 6.7 28-1073
AF1 C -10 5 5453 6.9 7.3-1073
AF2 C -10 5 4521 6.5 8.0-1073
AF8 C -10 7 1279 6.5 3.3-1072
AF9 C -10 7 1244 6.9 3.7-1072
AF12 C -20 7 13756 74 3.0-1073
AF13 C -15 7 156.2 6.7 2.7-1072
AF14 C -15 7 3762 7.6 1.2-1072
AF17 C -5 4 574 6.6 9.0-1072

& Sample was pressed out of the testing device during the pri-
mary creep due to a geometrical irregularity in the testing
device.

b Sample demonstrated an anomalous behaviour.

13
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4.8.2. Creep tests with an unloading-reloading cycle (CurC)

The main shortcoming of £'P(t) concept can be easily demonstrated by the creep test interrupted
by a temporary unloading followed by reloading. The sample regains its previous rate of creep
and this contradicts the direct dependence £'P(t).

4 tests with an unloading-reloading cycle (CurC) were carried out at ¢ = 5 MPa and © =
—10 °C, see Tab. 4. During the primary creep, the samples were temporarily unloaded at
t = 20%..30%1,,. Mean value of the standing time t,, is known from the referential C tests
from Tab. 3. Samples were quickly unloaded from o = 5 MPa to ¢ = 0.1..0.2 MPa (= the
weight of piston in the testing device).

The durations of pauses were: 1 h, 24 h, 24 h and 7 days in the case of samples: AF6, AF10,
AF11 and AF15, respectively. After the interruption period (pause), the samples were reloaded
back to ¢ = 5 MPa and the creep rate prior to the unloading was regained. Creep curves £"P(t)
can be recovered after a time shift-back corresponding to the duration of the interruption, see
Fig. ba-b. Creep rates £"?(£"?) were obtained using the shifted curves e"?(¢) from all CurC tests
and are plotted in Fig. 6. Recovery of the creep rate after the unloading period is evident.

No influence of the interruptions on the minimum creep rate £,, can be infered from comparison
with 4 corresponding C tests from Fig. 4. Creep curves é'P(e"P) from all CurC tests are shown
together with the ones from the 4 referential C tests in Fig. 7. It follows from Fig. 7 that
the results from CurC tests lie within the experimental scatter obtained from the C tests. No
systematic influence of the duration of the unloading can be concluded.

Table 4: Summary of CurC tests and referential C tests
(excluding failed test A2 and anomalous test AG).

Sample/ © o Em Em
Type of test
Test °C  MPa % % /min
KS2 C (ref.) ~10 5 75 1.1-1072
KS10 C (ref.) -10 57 5.0-1073
AF1 C (ref.) —10 6.9 7.3-1073
AF2 C (ref.) -10 6.5 8.0-1073

AF6 CurC(1 h) —10
AF10 CurC(24h) -10
AF11 CurC(24h) -10
AF15  CurC(7 days) —10

75 1.1-1072
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Figure 5: €YP(t) curves in CurC tests with indicated inflections ("¢,,”, &) (Standing time has no meaning and
hence is denoted as ”t,,”.): a) unloading periods are included; b) curves are shifted back in time by duration

of unloading.
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Figure 6: P (e"P) curves in CurC tests with indicated minima (&,,, &,,). An additional interruption can be seen

in test AF15 after reloading. It is due to a failure in the control system.
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Figure 7: €"P(e"P) curves in CurC tests and referential C tests with indicated minima (g,,,&p,).
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4.8.3. Creep tests with overloadings/reloadings (CoC and CoCrC)

Creep curve was also tested with other interruptions. Two types of creep tests with over-
loadings/reloadings were carried out on 6 samples at © = —10 °C, see Tab. 5. Before the
slowest creep rate was achieved, samples from the first group (CoC) were only overloaded.
They reached &, under such increased stress. Samples in CoCrC tests were at first overloaded
and then reloaded back to the previous stress. Hence, the minimum creep rate was obtained
under the initial load.

Similarly to the CurC tests, creep of all (but KS1) samples was interrupted at ¢t = 20%..30% t,y,.
Mean value of the standing time ¢,, could be determined basing on the referential C tests, see
Tab. 3. Samples from the second group (CoCrC) were unloaded to the initial stress after
20..30 min of the overloading.

KS1 was the first tested sample. It was meant to be a C test under ¢ = 3.5 MPa but the mini-
mum rate was not achieved at the expected time. Hence the sample was gradually overloaded.
For this reason KS1 is counted among the CoC tests.

Creep curves £"P(t) from all CoC and CoCrC tests are given in Fig. 8. Interpretation of the
results is now somewhat more complicated than previously, in CurC tests. In the case of CoC
tests, the initial ¢ = 5 MPa leaves a considerable creep deformation. In CoCrC tests, also
a significant creep strain is accumulated under the overload.

The regained (after reloading) part of £P(¢) from a CoCrC test could be possibly shifted forward
in time until it meets the referential curve at the same creep strain. However, this only confirms
the invalidity of time as an argument in the creep rate function. A general description of the
creep behaviour basing on the time representation in the case of overloading is impossible.
Summing up, no clear conclusions can be drawn about the influence of overloadings/reloadings
on the creep curve judging by £'P(t). However, curves é'P(e"P) can be at least directly com-
pared. Time-dependent description £'P(t) cannot be generalised. Creep rates from the CoC
and CoCrC tests are given in Fig. 9 seperately depending on stress o at which the tertiary creep
was approached. These curves are additionally plotted together with the referential C tests in
Fig. 10.

It can be seen in Fig. 9a that the behaviour of sample KS7 stands a bit aside from the others
because KS7 achieved quite slower ¢,,. However, this deviation seems to be within the ex-

perimental scatter as shown in Fig. 10a. Apart from that, the target creep curve £'P(¢"P) is
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always regained, see Fig. 10a—b. Neither the minimum rate &,, is pronouncably affected by the

overloadings/reloadings.

Additionally, the creep rate £'P(¢'P) is plotted for CoCrC tests and the referential C tests at

both, 0 = 5 MPa and ¢ = 7 MPa, Fig. 11. It can be observed how £ switches between the

creep isobars depending on the current stress level.

&P [%] ®=-10°C

A
KS8
AFT,
KS3

157

» t [min]
500 1000 1500

mKSl 0=36"445,5MPa

1 KS3 o=577N5MPa

mwKS7 o0=5,7N5MPa

wAF7 o=5,7\5MPa

mKS4 o=5~7MPa

1w KS8 o=527MPa

Figure 8: "P(t) curves in CoC and CoCrC tests with indicated inflections ("t,,”,em)

meaning and hence is denoted as ”t,,”.)
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Figure 9: CoC and CoCrC tests with indicated minima (,,,&,,): a) €"P(¢"P) curves in CoC and CoCrC tests in

which &,, was achieved at 0 = 5 MPa; b) é"P(e"P) curves in CoC tests in which &, was achieved at o = 7 MPa.
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Figure 10: CoC and CoCrC tests and referential C tests with indicated minima (g,,,&,,): a) €"P(¢"P) curves in
CoC, CoCrC and C tests in which &, was achieved at o = 5 MPa; b) £"P(e"P) curves in CoC and C tests in

which £, was achieved at ¢ = 7 MPa.
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&P [%/min] 0 =-10°C
A
0.100F

0.0501

0.010¢
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1 2 5 &m 10

C (ref.) C (ref.) CoCrC

m KS2 m KS9 KS3 o=527N5MPa
KS10 m KS11 KS7 o=577~5MPa
AF1 m AF8 AF7T o=5/77~\5MPa

m AF2 m AT9

Figure 11: €"P(¢"P) curves in CoCrC tests and referential C tests at both, o = 5 MPa and o = 7 MPa, with

indicated minima (&, &,).

Table 5: Summary of CoC and CoCrC tests and referential C tests (ex-

cluding failed test A2 and anomalous test A6).

Sample/ ) o Em Em
Type of test

Test °C MPa % % /min

KS2 C (ref.) -10 5 75 1.1-1072
KS9 C (ref.) —10 7 58 2.7-1072
KS10 C (ref.) —10 5 57 5.0-1073
KS11 C (ref.) —10 7 57 2.6-1072
AF1 C (ref.) -10 5 6.9 7.3-1073
AF2 C (ref.) —10 5 6.5 8.0-1073
AF8 C (ref.) —10 7 6.5 3.3-1072
AF9 C (ref.) —10 7 6.9 3.7-1072
KS1 CoC —10 36 74 745 75 94 1.1-1072
KS3 CoCrC -10 5 7TN\5 7.2 9.2.1073
KS4 CoC —10 57 7.3 4.8-1072
KS7 CoCrC —10 5 7T\/5 83 3.6-1073
KS8 CoC —10 57 83 1.6-1072
AFT7 CoCrC —10 5 77T\ 5 78 1.1-1072
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4.8.4. Creep strain e, at the slowest creep rate &,

The strain P is understood as the creep deformation measured from the configuration at
which the sample was frozen. The irreversible strain ¢, is defined as 1D P accumulated
until the slowest creep rate &, is achieved. This g, is used in the literature as a material
constant, see Sec. 2. This parameter can be evaluated for frozen KFS from all creep curves in

Secs. 4.3.1-4.3.3. The values of ¢, from all tests on frozen KFS are presented in Fig. 12.

em [%] X ©0=-10°C

O 0=-15°C

12 B e=-20°C

10 v 0=-5°C

8
4
2

‘ > o [MPa]

2 4 6 8

Figure 12: Creep strain &,, accumulated until the slowest creep rate €, as obtained from all C, CurC, CoC and

CoCrC tests.

Apart from some scatter, a nearly constant (independent of ¢ and ©) value of ¢, can be
concluded from Fig. 12. The scatter of ¢, may follow from inaccuracies in manual measurement

of the sample height. Mean value &,, = 7.1% was found with the standard deviation of 0.9%.

4.8.5. Minimum creep rate as a material function &,,(o,©)
The slowest creep rate €, in all C, CurC, CoC and CoCrC tests can be found in Fig. 13. The
function €,,(0,©) can be obtained as, e.g., the inverted 0 = o, + ¢(0©)1In (¢,,/¢,), with the

reference values o, and &, [2, 3, 17].

4.8.6. Universal creep curve e [, (" /ey,)

Creep curves obtained from standard (uninterrupted) tests and “normalised” in the time rep-
resentation €' /e, (t/t,,) are well-known in the literature, see Sec. 2. Analogous normalisation
can be used for curves £P(¢'P), that is, £'P/¢,,(¢"P/e,,). In this way, one can normalise also
the results from tests with interruptions.

This normalised representation is called the universal creep curve here. It is postulated to be

specific to a given type of frozen soil. Normalised curves £'P/¢,,(¢"P/e,,) from all experiments
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o [MPa] X 0=-10°C
A O ®=-15°C
8r B 0=-20°C
Al u o X ﬁ)« X Y ®=-5°C
X X XX X
4r v
2 .
' ' ' > &m [%/min]
0.005 0.010 0.050

Figure 13: Creep stress ¢ as function of minimum creep rate &, at different temperatures © as obtained from

all C, CurC, CoC and CoCrC tests.

reported in Secs. 4.3.1-4.3.3 are shown in Fig. 14. These curves coincide quite well which

justifies the term universal creep curve for frozen KFS.
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Figure 14: Normalised creep curves P/, (eVP/e,,) from all C, CurC, CoC and CoCrC tests on frozen KFS.
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4.4. Dilatancy and distribution of deformation

During creep tests on frozen soil under uniaxial compression, volume changes V' # 0 of the
sample are commonly disregarded [17]. One believes that the samples are perfectly saturated
and the substance (ice + soil particles) is volumetrically incompressible. Moreover, there are
technical difficulties in the measurement of the volume change. In the course of this research,
measurement of the volume change was undertaken and a significant volumetric creep defor-
mation of the sample could be concluded.

To overcome complications involved in the local (contact) measurement of the horizontal dis-
placement of the sample, one can invoke the image-based techniques, like the PIV [1, 21, 27, 28,
32]. It stems from fluid mechanics and allows the measurement of the displacement or velocity
field of a substance. In particular, the PIV can be used to measure deformation of a frozen soil
sample during creep. Given two 2D displacement fields on two perpendicular faces of a cubic
sample, the volume change can be determined. Not only the average deformation but also the
distribution of deformation can be obtained for the faces of the sample.

Experimental data from the PIV were obtained in the form of series of images from two cam-
eras, one per face. The images were processed on a PC using a self-developed MATHEMAT-
1cA package flowTrack to find the deformation field. The MATHEMATICA internal procedure
ImageDisplacements[] was used. It estimates the displacement field between two subsequent
images for each pixel based on the so-called dense optical flow [10, 21]. Displacement fields
between the subsequent images were obtained in the spatial description and needed to be in-
tegrated into the material description for a whole series of images. The results obtained from

the PIV were processed and plotted in the form of displacement fields and strain fields [23].

vp

4.4.1. Volumetric strain €,

Dilatancy (or contractancy) was investigated on frozen sand samples during creep under uniaxial
stress. The PIV provided a supplementary measurement of the average vertical strain but it

was essential for the average horizontal strain. It was measured for two walls of the cubic sample

vp
vol

as g1, and ey, Fig. 15. In this way, the volumetric deformation &." could be determined.
10 creep tests on the cubic samples (AF) from Sec. 4.3 that were conducted with the PIV are
listed in Tab. 6. Usable results from the PIV could not always be obtained for the whole test.

This was predominantly due to the so-called pixel renegades, i.e., the particles falling down
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T3

Figure 15: Cartesian coordinate system for frozen sample during creep under uniaxial stress in tests with the

PIV with two cameras.

from the sample face. This problem aggregates with increasing deformation of the sample.

The average horizontal strain ;" obtained for both walls of the sample (as ]} and €35 is given

vp

vort (measured as €3%). In the case

in Fig. 16 as a function of the average vertical strain, e"? = ¢

of samples AF9 and AF13, ¢/” could be obtained from the PIV on one wall only and the same

hor

vp . . vp (___Vp vp vp
enr - was assumed for the second wall in calculation of €] (=e17 + €35 +¢€35).

It can be seen in Fig. 16 that the measurements of the horizontal strain ;> from all tests
coincide almost perfectly, independently of the testing conditions, o and ©. The only exception
is e,7 measured on one face of sample AF7 and the most probable reason of this deviation are
the pixel renegades.

Despite the scatter (due to the used lab technique), it can be concluded from e} (vt ) plots

given in Fig. 17 that in the primary creep stage the samples undergo initially the contractancy,

- VP

vp
éjVol

vert

> (. The dilatancy takes over roughly at e, = %5m and the accumulated compressive

volumetric strain "2, > 0 starts being reduced. The excess of the sample volume over the initial

vol
value, described by €Y < 0, clearly marks the beginning of the tertiary stage.
The contractancy/dilatancy is most likely related to the compression/expansion of air bubbles
in ice. This can be accompanied by the dissolution/nucleation and diffusion of bubbles. The

dilatancy at > < 0 is probably caused by the development and propagation of cracks within

the sample.

26

294

295

296

297

298

299

300

301

302

303

304

305

306

307

308

309

310

311


http://mostwiedzy.pl

/\/\\ MOST WIEDZY Downloaded from mostwiedzy.pl

J——
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mAF7 o=577N5MPa

Figure 16: &> (evh) curves in C, CurC, CoCrC tests with indicated pairs (€, 15 (em)) at Ep,.

Table 6: Summary of C, CurC and CoCrC tests extended with the PIV

results.
Sample/ S} o Em €m evor(Em)
Type of test
Test °C MPa % %/min %
AF1 C —10 5 6.9 7.3-1073 0.2
AF2 C -10 5 6.5 8.0-1073 -0.4
AF9 C -10 7 6.9 3.7-1072 -0.4
AF13 C ~15 7 6.7 2.7-1072 -
AF14 C 15 7 76 1.2-1072 0.4
AF17 C -5 4 6.6 9.0-1072 -0.6
AF6 CurC(1h)  —10 5 73 62-1073 -0.3
AF11 CurC(24h) —10 5 75 1.1-1072 -
AF15  CwrC(7 days) —10 5 74 1.5-1072 -
AF7 CoCrC -10 5 /7N\5 7.8 1.1-1072 1.0
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4.4.2. Displacement and deformation fields

A possible strain localization taking place during creep under uniaxial stress was refuted basing
on the displacement and strain components obtained with the PIV as 2D fields. Time ¢ was
replaced by the average vertical strain component ', i.e., u(X,e"?) and e*?(X, "P) are con-
sidered instead of u(X,t¢) and e'?(X,¢). Here, fields u(X,e"?) and (X, e"P) are presented
in the form of contour plots in Fig. 18 and Fig. 19, respectively, for one face of sample AF1
at e"? ~ ¢, only. The displacement field u(X, ") includes the parallax error [23]. Nearly

homogeneous deformation with no strain localization is observed.

Upor [Mm] at &£P=6.9% Uyert [mMm] at £P=6.9%

1.5 -0.5

40[ 1.0 ~1.0
0.5

-1.5
301 0

~05 -2.0

-1.0 25

-1.5 -3.0

Figure 18: Horizontal uper (X, e¥P) and vertical uyert(X,eVP) components of displacement field for one face of

sample AF1 at P = ¢,,.

P [%] at &P=6.9% EPyert [%] at €P=6.9%
25
20 30
1
10 20
5
0 10
-5
-10 0
~15 -10
-20

10 20 30 40 50 60 10 20 30 40 50 60

Figure 19: Horizontal ;7 (X,e"P) and vertical eyg,(X,e"?) components of deformation field for one face of

sample AF1 at e'P = g,,.
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4.5. Induced anisotropy of frozen soil

320

Due to the common use of the ground freezing technique in tunnel construction, the stress-induced sz

anisotropy should be accounted for in a constitutive description of frozen soil.

A cubic sample that creeps under compressive stress o = const applied in the material direction
X3 is schematically presented in Fig. 20a. The sample is assumed to be initially (inherently)
isotropic. The loading direction is always vertical regardless of the material directions: Xj,
X5 and X3. Before the minimum creep rate €, was achieved, the sample was quickly removed
from the press and rotated, so that the loading direction was changed from X3 to X, Fig. 20b.
If the creep curve were regained after such operation, then the initial isotropy of the sample
would be preserved. However, induced anisotropy of frozen soil was revealed in the CA tests
carried out in this research.

a“) X3 b) X1 C) X2

g

Figure 20: Cubic sample during creep under stress o = const applied in different material directions: a) Xs;

b) X1; C) XQ.

5 CA tests on the cubic samples (A and AF) at ¢ = 5 MPa and ©® = —10 °C are listed in
Tab. 7. The sample loaded in different material directions in a CA test is shown in Fig. 20.

Two types of the CA tests were conducted and are described below.

e In the first type, CA(1), the primary creep under ¢ = 5 MPa along X3 was interrupted
by unloading to 0 = 0. The same stress o = 5 MPa was then applied along X; and the

sample creeped until the tertiary stage.

e In the second type, CA(2), the loading direction was changed in the primary stage first
from X3 to X; and then from X; to X,.

Vertical creep strain at which the loading direction was changed is denoted as €P. Its values
for the first (2" and for the second (&* (2)) change of the loading direction are reported in

Tab. 7.
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4.5.1. Tests with a single change of the loading direction (CA(1))

Directional dependence of the creep rate in tests on samples A5, AF5 and AF16

3 CA(1) tests on samples: A5, AF5 and AF16 are considered. In these tests, the loading
o = 5 MPa direction was changed from X3 to X; at P _ 99 37% < Em = 7.1%, see
Tab. 7. The samples approached the tertiary creep stage under o = 5 MPa applied along the
second loading direction. The mean value of the vertical creep strain &,, = 7.1% at the slowest
creep rate &, for the first loading direction is known from Sec. 4.3.4.

Creep curves, "P(t) and P (e"P), for samples A5, AF5 and AF16 are shown in Fig. 21. A sample
LI is denoted as LI(1) after the change of the loading direction, e.g., A5(1). The vertical creep

ot = €'P s 3% before and €] after the change of the loading direction.

strain, €.,y =

The strain £]] includes the portion from the initial creep under ¢ = 5 MPa applied along
X3. This portion could be obtained for samples AF5 and AF16 from the PIV as the tensile
horizontal strain, e;> ~ —1%, as can be seen later in Fig. 23a. It turned out to be reduced
(almost to 0, see Fig. 21a) during application of the load in the new direction. This means that
the creep strain increased by Ae}} ~ 1% already during the load application along the second
direction. The creep strain increase Aey; & 0 could be measured during the loading in the first
direction [23]. Hence, the samples creeped significantly faster during the load application along
the second direction compared to the first direction which already refutes isotropy of frozen
soil.

Based on the PIV for samples AF5 and AF16, the vertical creep strain e"? = () was assumed for
sample A5(1) (tested without the PIV) after the change of the loading direction. The curves
eVP(e¥P) from Fig. 21 are additionally plotted in Fig. 22 together with the results from three
similar C tests at the same o =5 MPa and © = —10 °C.

It is clear in Fig. 22 that the creep rate €'P is not recovered after the change of the loading
direction. Hence, isotropy of frozen soil is disproven. The minimum rate &) obtained for the
second loading direction is about 2 times faster than ¢,, expected for the first direction, see
Fig. 22. Additionally, the strain e ~ 10% at £ is different from the mean value Em = T1%
at €, corresponding to the first loading direction.

Anisotropy of frozen soil is most probably induced by changes in the microstructure during
the creep. Their constitutive description requires a tensorial state variable and further lab

investigation.
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Figure 21: CA(1) tests A5, AF5 and AF16: a) €YP(t) curves with indicated inflections ("t,,”, &) (Standing

time has no meaning and hence is denoted as ”t,;,”.); b) €"P(e¥P) curves with indicated minima (g,,, &m).
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Figure 22: &YP(¢¥P) curves in CA(1) tests A5, AF5, AF16 and the referential C tests with indicated minima
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Dilatancy in tests on samples AF5 and AF16

Samples AF5 and AF16 were tested with the PIV. The dilatancy and the homogeneity of
deformation within the samples after the change of the loading direction were observed. Un-
fortunately, no reliable results of PIV could be obtained for the whole tests due to the already
mentioned pixel renegades. In the case of sample AF5(1), the horizontal strain e, could be
gained from the PIV on one sample face only because the images of the second face were blurred.
After the change of the loading direction from X3 to X at eyo = e~ () the horizontal strain
increase Ae;b was measured via the PIV. It corresponds to the increases: Aejb and Aesl above
the values of €35 and 3} at b, = e @, Analogously, the volumetric strain increase Ael?) is

considered instead of the total volumetric strain 5VO1

vp

The strain paths for creep, £,> (evo

) and €. (evert), are presented for samples AF5 and AF16
before and after the change of the loading direction in Figs. 23-24. These results are additionally
plotted with the ones from all other creep tests with the PIV (excluding the abnormal test AF7)
from Sec. 4.4.

It can be seen in Fig. 24 that the samples AF5(1) and AF16(1) undergo the contractancy up
to evoy A 5&), same as samples tested without a change of the loading direction, eyb, ~ 5m
After that, the dilatancy can be observed and the sample volume exceeds the initial volume,

described by 2 < 0, at the slowest creep rate in the case of all samples.

vol
The displacement components and the strain components obtained with the PIV and plotted
as the fields on one wall of sample AF16(1), that is, after the change of the loading direction
can be found in [23]. Distribution of the deformation is nearly homogeneous in the CA(1) tests,

similarly as in the tests without a change of the loading direction.
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AF16; b) in CA tests on samples AF5 and AF16 and in all other creep tests with the PIV (excluding abnormal

test AFT).
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AF16; b) in CA tests on samples AF5 and AF16 and in all other creep tests with the PIV (excluding abnormal
test AF7).

36


http://mostwiedzy.pl

A\ MOST

Directional dependence of the creep rate in test on sample A8 frozen with an initial stress state
ol

Sample A8 was vertically preloaded (in direction X3) before the freezing. This means it was
frozen with an initial effective stress state o = o°Tdiag(1,~ Ky, ~ Kj). The preload was
applied by tighting the screws at the top plate of the preparation equipment [23]. For this
purpose, a torque wrench was used and the axial force was assigned to the screws with the
moment M = 40 Nm. The vertical prestress ¢° =~ 0.8 MPa could be estimated using M =

40 Nm and the parameters of the screws.

The loading direction in the case of sample A8 was changed from X3 to X; at e'P = e
2.6% < &, = 7.1%, similarly as in the CA(1) tests on samples A5, AF5 and AF16, see Tab. 7.
For this reason, the creep curves £'P(¢"P) are plotted for sample A8 together with the ones for
samples A5, AF5 and AF16 in Fig. 25. The vertical creep strain ¢ = (0 was assumed after the
change of the loading direction based on the PIV for samples AF5 and AF16.

It is clear in Fig. 25 that the preload ¢°f ~ 0.8 MPa in direction X3 affected the creep rate
e'P. The slower rate £'P was obtained for the preloaded sample A8 before the change of the
loading direction as compared to the samples without the preloading. However, sample A8
demonstrates the same P as samples A5, AF5 and AF16 after the change of the loading
direction. Unfortunately, the test on A8 was stopped before the tertiary stage was approached
and hence the values of the minimum creep rate ¢,, cannot be compared.

Systematic influence of the effective stress o on the slowest creep rate &, requires further lab

investigation.

4.5.2. A test with two changes of the loading direction (CA(2))

In the CA(2) test on sample A7, the loading ¢ = 5 MPa direction was first changed from X3
to X; at e? = &P = 4.9% < &, = 7.1%. The sample creeped under o = 5 MPa until
e = 2@ = 529 < ) wherein &\ ~ 10% is known from the CA(1) tests. The loading
direction was then changed from X; to X5 and the sample approached the tertiary creep under
o = 5 MPa applied along X.

The diagrams YP(eP) are shown in Fig. 26 together with the results from three CA(1) tests,
A5, AF5 and AF16. Based on the PIV for samples AF5 and AF16, the strain ¢'? = 0 was
assumed after the first change of the loading direction. Due to the lack of lab data, e"? = 0
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Figure 25: €YP(£¥P) curves in CA(1) tests A5, AF5, AF16 and A8 with indicated minima (&,,, &p).

was assumed also after the second change of the loading direction.

Nearly the same curves €'?(e?) were obtained in the case of all samples for the first, X3, and

the second, X, loading direction, see Fig. 26. The rate P corresponding to the third loading

direction, Xs, is faster than the one corresponding to the first direction, X3, but slower than

the one corresponding to the second direction, X;. The value of strain el?) = 5.9% obtained at
(2)

m’ 1s only slightly different from the value expected for the initial loading direction &,, = 7.1%.
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Figure 26: €"P(£'P) curves in CA(2) test A7 and CA(1) tests A5, AF5 and AF16 with indicated minima (&, €.,)-
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Table 7: Summary of CA tests.

Sample/ Type ] o Loading & g, Em
Material
Test of test °C  MPa direction % % % /min
A5 KFS CA(1) -10 5 X3 3.7 - -
A5(1) KFS CA(1) -10 5 X, - 105 1.1-1072
AF5 KFS  CA(1) -10 5 X; 29 - -
AF5(1)  KFS  CA(1) -10 5 X, - 105 12-1072
AF16 KFS CA(1) -10 5 X 32 - -
AF16(1) KFS  CA(1) -10 5 X, - 104 1.6-1072
A8 KFS  CA(1) -10 5 Xs 26 - -
A8(1) KFS CA(1) -10 5 X, - -
AT KFS CA(2) -10 5 X; 49 - -
AT(1) KFS  CA(2) -10 5 X, 52 - -
AT7(2) KFS CA(2) -10 5 X - 59 91-1073

A\ MOST
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5. Creep tests under isotropic compression

Observations on the purely volumetric creep of ice are possible in unsaturated samples [12]. It
was shown that the volumetric creep of ice under isotropic pressure is due to the presence of air
bubbles, Fig. 27. Unfortunately, there is lack of experimental results from the literature in the
case of frozen soil. Purely volumetric creep of frozen soil is possible, if air bubbles are present.
To the authors’ knowledge, the volumetric deformation under isotropic stress is a rarely studied

aspect of the constitutive description of creep in frozen soil.

vp A
vol

€

dissolution and diffusion
of air bubbles

com Dression
air bubpeg

of

Y

a few hours ¢

Figure 27: Volumetric strain )" as function of time ¢ for pure ice with air bubbles under isotropic pressure

p = const applied at ¢t = 0.

The volumetric creep of frozen sand was investigated under isotropic pressure in the course of
this research [23, 35]. Samples were tested in a pressure vessel. Isotropic stress was applied on

the sample through the cell fluid (hydraulic oil). Volumetric strain of the sample was determined

by measuring the relaxation of the pressure in cell.
No acceleration of the creep rate, let alone the three stages of creep: primary, secondary and

tertiary, were expected in the case of isotropic loading. It was attempted to verify and quantify

the following hypotheses known from the tests on pure ice with air bubbles [12].
e Creep deformation during a quick load application can be neglected.

e No influence of the unfrozen water inside the frozen sample (around the grains) is taken

into account. This is justified by relatively low values of the unfrozen water content

p¥ < 1% in frozen sands [20].

e Within the first couple of hours, creep is mainly due to the compression of air bubbles. The

initial atmospheric pressure p*™ inside a bubble increases up to the target pressure p and
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the volume V'?* of air bubbles decreases according to the Boyle-Mariotte law plV/® = const.

e Next, the compressed air bubbles are dissolved and diffuse slowly in the ice according to
the Henry’s law. For sufficiently high pressure, no bubbles will eventually be left which

may take a few days.

e Finally, the frozen sand sample consists only of the almost incompressible substance (no

air bubbles) and the volumetric deformation reaches asymptotically a limit.

5.1. Tested material, sample preparation and experimental procedures

Cylindrical samples with the diameter of 5 cm and the height of 10 cm were obtained by freezing
KFS with different saturation. The size of samples was limited by the available testing device.

Tests were conducted in the relaxation chamber placed in the cold room.

5.2. Processing of data

Temperature recordings and displacement of the piston into/out of the pressure vessel were
provided by the data logger of the testing device. Values of pressure were read from the images
of the manometer and manually appended to the experimental data. Raw lab measurements

required correction for air bubbles in cell fluid. This correction was evaluated experimentally

23].

5.3. Purely volumetric creep

Samples were investigated at ©® = —10 °C in the relaxation chamber filled with the hydraulic
oil. The pressure py = 10 MPa was applied inside the vessel and the visco-plastic volumetric
strain e b of the samples was obtained from the relaxation of the cell pressure, p < 0.

3 tests on samples: P1, P2 and P7 with different values of the degree of saturation S are
considered, see Tab. 8. Elastic response of the samples with the sample bulk modulus K = const
was assumed during application of the load. Two steps of the load application were used. In
the first step, the pressure was applied from p = p*™ to p = 8 MPa using the oil pump. In
the second step, the pressure was increased from p = 8 MPa to p = py = 10 MPa by screwing
of the piston. The constant bulk modulus K = 5.5 GPa [16] was used for the pressure range
p = p*™ .8 MPa. The values of K (secant) for p = 8..10 MPa are given in Tab. 8. They were
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calculated for each sample by subtracting the reference results from the test on a steel dummy
sample conducted for the correction for air bubbles in oil, see [23].

The value of K increases with the degree of saturation S of the sample as it is observed in
unsaturated soils with water. However, they are unrealistically low. This is probably due to
a larger amount of the bubbles present in the oil in the considered tests than in the test on the

dummy sample. Hence, all results obtained from the CI tests are fraught by the error due to

the air bubbles in cell fluid.

Table 8: Summary of CI tests.
Sample/ S K for p=8..10 MPa

Test - MPa
P1 0.77 134
P2 0.82 416
P7 0.95 749

The purely volumetric creep deformation of the samples is shown as a time function e b (¢)
in Fig. 28. It can be seen that initially the samples creeped fast with a nearly constant rate
€vol &~ const. Then, the creep slowed down and e achieved asymptotically a final constant
value eyoimax. These observations are similar to the ones for pure ice [12]. The values of o] max

increase with the decreasing degree of saturation S.

&Pyl [%]
101
8 (//‘_—‘
6 - P1 §=0.77
-= P2 §=0.82
- P7 §=095

&
L 4

L 2

‘ ‘ ‘ ‘ ‘ ‘ t [min]
1000 2000 3000 4000 5000 6000

Figure 28: &P (¢) in the CI tests.

vol

The physical interpretation of the purely volumetric creep of frozen soil pertains solely to the
case of isolated air bubbles in the pore ice and corresponds roughly to the degree of saturation
S Z 0.97 [23]. Samples P1 and P2 with S < 0.97 have to be disregarded. Only sample P7
with S = 0.95 included solely isolated air bubbles and can be evaluated.
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Note that a peculiar behaviour of sample P7 can be observed in Fig. 28. After the initial in-

crease, the volumetric strain dé’l decreased slightly before the final value €1 max Was established.

vp

This could be caused by the relaxation of the cell pressure. The volumetric deformation e,

was initially dictated by py. The reduction of the bubbles (both in the sample and cell fluid)
resulted in the relaxation p < 0 but a certain amount of the bubbles was already dissolved in
the ice. According to the Henry’s law, less moles of the free air can be dissolved under the
decreased p. Thus, the bubbles might have nucleated due to p < 0.

Volumetric creep is due to the compression (or expansion) of air bubbles in frozen sample alone,
similarly as it is in the case of pure ice [12]. Phenomena like dissolution, nucleation and diffusion
of air bubbles in ice are rather negligible (about 250 times smaller than in water judging by
the Henry constant [11]).

The purely volumetric and oedometric creep of frozen soil has been recently further investigated

in the course of a master thesis at IBF, KIT [36].

6. Conclusions

Current evaluation of the creep deformation of artificially frozen soil should be revised. Con-
stitutive models from the literature for frozen soil use explicit time functions. Direct time
dependence depletes a constitutive description of the autonomity and generality. Application
of the available models is thus restricted to uninterrupted creep only. A sound constitutive
background for creep of frozen soil is of practical importance for the ground freezing technol-
ogy. Formulation of an improved model requires novel lab evidence. For this purpose, different
aspects of the creep of frozen soil were examined in the course of this research.

Frozen sand samples were investigated under uniaxial compression. Creep rate turned out to
recover after any kind of interruptions, like unloadings or overloadings. In this way, a universal
creep curve was established for frozen Karlsruhe Fine Sand.

Tests on cubic samples were conducted with the PIV. It allowed the quantification of the
volumetric changes during creep under uniaxial stress. Contractancy and dilatancy of the
sample were observed. Moreover, the distribution of deformation within the sample was judged
from the 2D deformation fields on sample walls. No strain localization during creep could be

observed.
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Induced anisotropy of frozen soil was revealed in the tests with changes of the loading direction.
Cubic sample under uniaxial stress was unloaded, rotated by 90° and reloaded back to the
previous stress. Creep rate prior to the change of the loading direction was not regained.
Additionally, the creep tests under isotropic compression were carried out. Purely volumetric
creep of frozen soil was shown to be due to the presence of air bubbles alone.

A refined material description is currently being developed. Novel model MROZON for creep of

frozen soil will account for the effective stress in soil skeleton and in ice.
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