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ARTICLE INFO ABSTRACT

Keywords: Experiments on columnar freshwater ice indicated that there is no detected effect of the ice
Freshwater ice thickness on the fracture behavior of columnar freshwater S2 ice. The influence of thickness
Fracture

was studied using large laboratory-grown samples. Two series of Mode I fracture tests were
carried out using deeply edge-cracked 3-by-6-metre rectangular plates loaded monotonically at
1...100 pm/s. The ice was warm (above —0.5 °C), and the ice thickness varied in the range
1040 cm. This paper analyzes the second series of tests and compares the results with the
first series tests; the analysis of the latter was published in Gharamti et al. (2021) [2,3,4]. The
viscoelastic fictitious crack model (VFCM) was applied to analyze the data and calculate the
crack profile, fracture energy and the process zone size. The thickness affected only and linearly
the values of the measured loads with no influence on the fracture properties: the apparent
fracture toughness, fracture energy, crack opening displacements, notch sensitivity and process
zone size.

Thickness
Rate effect

1. Introduction

When ice interacts with a structure, it exerts loads that are related to the failure process of ice. Depending on the prevailing
conditions, ice properties (temperature, thickness, salinity, orientation, first-year vs. multi-year), structure geometry and dimensions
(diameter, width, inclination) and the relative speed between ice and structure, ice can fail by crushing, buckling, bending, or
splitting [1]. Ice failure is a complex process of multiple failure mechanisms rather than a single event. Splitting (fracture) under
Mode I is common in many ice-engineering applications and is the focus of this study. It is crucial to find the relationship among
various factors that influence the fracture process. Theoretical analysis is a challenging approach because ice is a quasi-brittle, viscous
and anisotropic material. Most of the relations provided in the literature are empirical, based on experimental measurements and
observations. The effects of several factors — scale, loading rate, temperature, notch acuity, grain size — on the fracture of freshwater
ice have been studied extensively in the literature [2-10,10-21].

An interesting yet unaddressed question is the effect of the ice thickness (thickness of level ice or the consolidated layer of a
ridge) on the fracture behavior. In fracture terminology, the ice thickness, i.e. the specimen thickness, is the length of the crack
front. For the splitting fracture of metals, it is known that the state of stress near the tip of a crack tends to change from plane
strain to plane stress as the ratio of width-to-thickness of a plate increases [22]. However, thickness has been shown not to affect
the fracture of quasi-brittle materials such as concrete [23,24]. Ice is expected to behave as other quasi-brittle materials because a
triaxial state of stress does not materialize; the tensile stress parallel to the crack front is assumed to be relieved by microcracking
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Fig. 1. Specimen geometry, edge cracked rectangular plate of length L =3 m, width H =6 m, and crack length A =2.1 m.

parallel to the top and bottom surfaces or by creep which takes place rapidly. No theoretical or experimental validation of this
idea exists in the literature. It is important to study the thickness effect in a large-scale experimental program which varies the ice
thickness. To the authors’ knowledge, these kind of fracture experiments have not been conducted for ice.

The goal of the present study is to examine the quantitative influence of the ice thickness on the fracture behavior of columnar
freshwater S2 ice. Two programs of Mode I large-scale fracture tests were conducted in the Ice and Wave Tank at Aalto University in
2017 and 2022. 3 m x 6 m deeply cracked edge-cracked rectangular plates (ECRP) were loaded monotonically with different control
displacement rates (1...100 pm/s) under displacement control. Each initial notch was cut to be 70% of the plate dimension that
is parallel to the crack. The ice sheet was warm (> —0.5°C). Details and results of the 2017 program were published in [2-4]. The
thickness of the 2017 specimens was in the range 35-38 cm. During the 2022 test program, the parent ice sheet grew in thickness
from 10 cm to 22 cm.

The experiments were analyzed by using the linear elastic fracture mechanics (LEFM) and the non-linear viscoelastic fictitious
crack model (VFCM). The LEFM uses the weight function method, as formulated by Dempsey and Mu [25] and applied in [2], to
calculate the apparent fracture toughness (K,). The VFCM approach, as formulated by Mulmule and Dempsey [26] and applied
in [2], was implemented to derive the crack profile, fracture energy (G f), and size of the fracture process zone (PZ).

The tests from 2017 and 2022 covered a thickness range of 4 ~ 10—40 cm. The results were analyzed for the effect of the thickness
on the applied load and fracture parameters: the apparent fracture toughness, crack opening displacements, fracture energy, and
size of the process zone.

Next, Section 2 presents a description of the experimental details. Section 3 briefly reviews the implementation of the LEFM
and VFCM models. The results from 2017 and 2022 programs are summarized and discussed in Section 4. Section 5 concludes the

paper.
2. Experimental details

Two 40 X 40-m sheets of columnar freshwater S2 ice were grown in the Ice and Wave Tank of Aalto University in 2017 and
2022. Edge-cracked rectangular plate (ECRP) samples, of length L (= 3 m) and width H (= 2L), were cut and loaded at the crack
mouth (Fig. 1). The ice thickness (k) of each ice sheet was constant. During the tests, the ice thickness of the 2017 ice sheet grew
from ca. 35 cm to 40 cm, and the 2022 ice from ca. 10 cm to 22 cm. The grain size of the ice samples, i.e. average diameter of the
columnar grains, was 3 mm at the top (2017 and 2022), 5 mm at the bottom of 20 cm thick ice (2022), and 10 mm at the bottom
of 40 cm ice (2017). The ice temperature was warmer than —0.5°C; at the bottom of the ice sheet the ice temperature was 0°C. A
long tip-sharpened edge crack of length A, (4, ~ 0.7 L) was fabricated in each ice specimen.

The response of the ice at different positions along the crack was monitored by using surface-mounted linear variable differential
transducers (LVDTs) (2017) and triangulation-based laser displacement sensors (2022); main locations are labeled in Fig. 1 as
CMOD (at the crack mouth), COD (midway of the crack), NCOD1 (behind the tip), and NCOD2 and NCOD3 (ahead of the tip).
A displacement-controlled actuator was inserted in the mouth of the pre-crack to monotonically load the specimen along a wide
contact loading length D (Fig. 1) in order to avoid crushing at contact. The loading device was hydraulically operated in 2017 and
electro-mechanically operated in 2022. The control displacement rates were in the range 1...100 pm/s. The global behavior of the
crack propagation was straight extension to the far edge. A detailed description of the experimental setup, ice growth, temperature
and grain profiles, and microstructural properties are provided in [2,3] for the earlier tests (2017). The new tests (2022) followed
the same plan but with an updated loading device and instrumentation. The ice in the two programs exhibits similar properties and
profiles.
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Fig. 2. (a) Illustration of the fictitious crack model. (b) General stress-separation curve describing the PZ behavior.
Source: Adapted from [2].

3. Modeling
3.1. Linear elastic fracture mechanics (LEFM)

Expression for the apparent fracture toughness (K,) for the edge loaded, edge cracked rectangular plate (Fig. 1) was derived
using the weight function approach [25] in [2] as follows:

P,

Ko=—"—+ \/ﬂ Z,(d. ap) @
dhnJL vV 7

where P, is the measured load at crack growth initiation, L the crack-parallel side length of the rectangular plate (Fig. 1), d = D/L,
ay = Ay/L, and Z,(d, ay) is given by Eq. A4 in [2].

3.2. Non-linear viscoelastic fictitious crack model (VFCM)

The VFCM [27] assumes the development of a process zone (PZ) ahead of the traction-free crack tip (A, Fig. 2a). The points
lying within the PZ first transmit the full tensile strength (o), but then the cohesive tensile stress (o.,,) carried at a particular
point within the PZ softens with crack opening (Fig. 2b); until a critical separation (§,) is reached and the traction-free crack starts
propagating. The VFCM models the stress softening within the fracture process zone by a stress-separation (¢ — ) curve (Fig. 2b),
with the assumption that the behavior of the bulk material is viscoelastic. The VFCM was coupled with an optimization procedure
to match the data from the model and the experiments. Details of the modeling procedure is given in [2]. The main outcomes of
this approach is the calculation of the crack profile, process zone size (PZ), and fracture energy (G ,) consumed in each experiment.
G is measured from the area under the ¢ — § curve.

4. Results

Table 1 gives the dimensions of the ice samples together with the control displacement rate (CR), the measured
(L, H, Ag, h, P,y Pyays Prs 1,1y 1 7, CMOD;, CMOD,,, NCOD1;, NCOD1 ) and computed (Ecyop, Ko, K) results. The subscripts i,
max, f denote the instants of crack growth initiation, maximum/peak load, and complete failure, respectively. These instants can
be coincident; for example, failure can happen at the maximum load (see Fig. 3b). P is the applied load,  the time, CMOD and
NCOD1 the crack opening displacement at the crack mouth and near the tip, respectively (Fig. 1), Ecyop the short-time modulus
calculated from the initial linear part of the measured load—-CMOD record and used in the VFCM model. This modulus is lower
than the Young’s modulus of the material. K, is the apparent fracture toughness calculated from Eq. (1), and K the loading rate
computed by dividing K, by the time to crack growth initiation (¢;). The tests “RP7, RPS, ..., RP13” are the 2017 tests, and the
tests “RP15, RP16, ..., RP21” are the 2022 tests.

Table 2 gives the VFCM results: the tensile strength (s,), the critical crack opening displacement at crack growth initiation (6,),
the fracture energy (G, Fig. 2b), the process zone size (PZ, Fig. 2a), and the notch sensitivity ratio (s,/0,); o, is the peak nominal
tensile stress at the crack tip, given by eq. (Al) in [2] for the current geometry and loading configuration.

Fig. 3a shows the load-CMOD records for the 2022 tests and suggests that in some of the tests the crack growth was intermittent.
However, as the VFCM model used does not cover softening, this paper is focusing its analysis up to the onset of crack growth. The
maximum data points from the curves are collected and plotted with the corresponding 2017 data in Fig. 3c and Fig. 3d, as a
function of the time to reach the maximum load and ice thickness, respectively. As the thickness of the ice increases, the measured

maximum load increases. The P, — h data can be fit nicely with a linear function going through the origin (Fig. 3d). The curves
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Fig. 3. (a) Load-CMOD records for the 2022 tests. (b) Illustration of the selection of crack growth initiation point (7, P,), maximum point (7.,

P,.) and

‘max

failure point (t,, P,) for test RP16. Variation of the maximum load as a function of the (c) time to reach the maximum load and (d) ice thickness for all the
tests.

of different thickness are parallel to each other (Fig. 3c), indicating that the rate effect can be discussed independently of thickness.
The maximum load increases with rate. The distance separating the parallel curves is function of the change in the thickness.

Fig. 4 shows the apparent fracture toughness (K) at the crack growth initiation as a function of loading rate. No thickness effect
is detected. The 2017 and 2022 tests’ values followed the same rate effect: K, decreases as the loading rate increases. The K, — K
relation is non-linear and can be well described with a power-law relation. One data point from the 2022 tests (RP18, 10 cm ice)
appears an outlier. The reason for this is not known, but the data is shown here for consistency. Earlier studies have observed
similar rate effect on the fracture toughness [6,7,10,12,16]. Gharamti et al. [2] concluded that LEFM is a valid fracture model when
K > 50 kPa\/a s~!. From Fig. 4, this corresponds to a fracture toughness of 100 kPa\/Es‘] ; this value is considered as the linear
elastic fracture toughness of polycrystalline ice [19].

Similarly, Fig. 5 shows the measured values of the crack opening displacement at the crack mouth (CMOD, Fig. 1 and Fig. 5a)
and near the crack tip (NCOD1, Fig. 1 and Fig. 5b) at crack growth initiation as a function of loading rate. The thickness had no
effect on the crack profile. The rate effect was dominant: CMOD; and NCOD1, values are increasing for longer duration, following
almost the same power-law relation.

Fig. 6 displays the fracture energy at crack growth initiation (G ), calculated from the VFCM (Section 3.2), as a function of the ice
thickness and loading rate. No clear thickness effect on the fracture energy values was observed (Fig. 6a). The vertical distribution
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Table 1
Specimen dimensions, measured data, and results computed using linear elastic fracture mechanics.
Test h CR EcMOD P Pinax Py 4 Imax 1 Ko K CMOD; CMODyp,x NCOD1; NCOD1
cm pm/s GPa kN kN kN s s s kPay/m KkPay/ms~! pm pm pum pm
RP7 34.5 16.7 6.0 4.6 4.6 4.6 86.9 86.9 86.9 159.4 1.834 236 236 47.2 47.2
RP8 34.5 90.9 6.6 3.0 3.0 3.0 2.7 2.7 2.7 106 39.259 157 157 229 229
RP9 34.5 16.7 6.1 5.2 5.2 5.2 148.0 148.0 148.0 180.6 1.221 266 266 42.8 42.8
RP10 34.5 4.2 6.7 4.8 4.8 4.8 222.2 222.2 222.2 166.8 0.751 215.6 215.6 34.6 34.6
RP11 36 90.9 7.4 4.2 4.2 4.2 153 153 153 139.4 9.091 174.4 174.4 25.2 25.2
RP12 37.2 3.1 5.7 6.8 6.8 6.8 701.8 701.8 701.8 2213 0.315 370.5 370.5 68.5 68.5
RP13 37.6 17 4.7 5.7 5.7 5.7 1027.1 1027.1 1027.1 184.3 0.179 4203 4203 63.4 63.4
RP15 9.4 10 6.0 0.7 1.3 1.3 20.5 - - 89.6 4.364 112 112 18 18
RP16 9.7 10 6.5 1.2 1.5 1.5 28.4 36.9 36.9 147.9 5.207 166 251 21 37
RP17 10.1 1 5.8 1.8 1.8 1.8 454.0 454.0 454.0 221.1 0.487 412 412 51 51
RP18 10.1 1 6.2 27 2.7 2.7 554.3 554.3 554.3 330.7 0.597 522 522 68 68
RP19 21 10 7.6 22 2.2 - 28.0 28.0 - 129.6 4.635 162 162 23 23
RP20 21 1 5.9 3.4 3.4 - 355.0 355.0 - 194.5 0.548 308 308 48 48
RP21 22 1 6.3 2.3 2.9 - 228.4 4413 - 129.1 0.565 205 410 33 82
Table 2
VFCM results.
Test o, 6, G, PZ c,/o,
(MPa) (pm) (N/m) (mm)
RP7 1.30 3.25 4.24 5.9 0.199
RP8 1.24 1.44 1.78 2.7 0.136
RP9 1.32 4.23 5.54 6.4 0.222
RP12 1.02 8.14 8.17 18.4 0.348
RP13 1.00 5.69 5.69 13.2 0.295
RP15 0.91 1.58 2.59 3.8 0.287
RP16 1.30 3.18 11.16 5.6 0.231
RP17 1.21 12.38 8.75 18.1 0.291
RP19 1.00 2.46 6.30 6.5 0.209
RP20 1.26 5.96 10.58 9.8 0.249
RP21 0.80 3.82 5.30 10.3 0.327
350
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| e 2022, 21-22cm ||
300 - - -Power-law fit
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250 pe_ B
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Fig. 4. Variation of the apparent fracture toughness (K,) as a function of the loading rate for all the tests. First-order power-law fit was applied to the data.

of each data set represents the rate effect, which can be further seen in Fig. 6b. The G, values are decreasing with rate. Despite
the scatter in the data, it is evident that the data is heading towards an energy value of ~ 1 N/m under sufficiently high loading
rates, resulting in the linear elastic fracture energy of polycrystalline ice [19].

Fig. 7 plots the process zone size (PZ) and critical crack opening displacement (6.) at crack growth initiation as a function of

loading rate. The PZ size and 6, values were calculated by the VFCM. The thickness had no clear effect on the PZ and §, values; the
values were decreasing with rate. Here the process zone is a model parameter and its nature in S2 ice remains an open question.
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Fig. 5. Measured values of the crack opening displacements (a) at the crack mouth (CMOD) and (b) near the crack-tip (NCOD1) at crack growth initiation as
a function of loading rate. First-order power-law fits were applied to the data.
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Fig. 6. The fracture energy at crack growth initiation G, from VFCM as a function of the (a) ice thickness and (b) loading rate.

Fig. 8 plots the notch sensitivity (¢,/0,) as a function of loading rate. Similarly, no thickness effect was observed. The values
were in the range 0.2 — 0.4, satisfying the specimen shape-independent fracture condition [2,17].

The reported results indicate that the thickness has no quantitative influence on the fracture properties: the apparent fracture
toughness (K,), fracture energy (G s crack opening displacements (8,), process zone size (PZ), and notch sensitivity (c,/c,).

5. Conclusion

Fourteen Mode I fracture tests were conducted in the Ice and Wave tank of Aalto University in 2017 and 2022. The grown ice
was S2 columnar freshwater ice with a warm temperature (> —0.5°C). 3 m x 6 m deep-notched edge-cracked rectangular plates were
loaded in displacement control (DC) under different rates monotonically to fracture. The results of the 2022 tests were compared
against the 2017 tests to study the effect of the specimen thickness on the ice behavior. The tests covered a thickness variation of
h ~ 10-40 cm.

The LEFM was used to compute the apparent fracture toughness, and the VFCM was implemented to model the experiments and
compute the fracture energy (G,), crack profile, and fracture process zone (PZ).
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Fig. 7. (a) The process zone size (PZ) and (b) the critical displacement at crack growth initiation (5,) as a function of the loading rate.
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In light of the results obtained, it is clear that the thickness affected only the values of the measured loads with no influence on
the fracture properties: apparent fracture toughness (Ky), crack opening displacements (CMOD, NCOD1, §.), fracture energy (G ),
notch sensitivity (c,/0,) and process zone size (PZ).
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