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Abstract 

 

Concrete structures in the Arctic offshore are often exposed to drifting ice causing 

abrasion of concrete surfaces. This paper presents the results of a laboratory study 

of concrete-ice abrasion. The sawn concrete surfaces (two high-performance 

concrete mixes and one light weight mix of concrete) were exposed to sliding fresh-

water ice under 1 MPa pressure for 3 km of sliding distance. The effect of concrete 

compressive strength, ice consumption, and the coefficient of friction on abrasion 

was studied simultaneously. The results show a low abrasion of concrete, the 

maximum abrasion depth (0.35 mm) after 3 km of sliding test was found for the 

concrete samples with the lowest compressive strength. All tests showed a severe-

to-mild wear transition, with the maximum wear rate in the first sliding kilometre. The 
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coefficient of friction was high when ice consumption was high due to ice spallation 

and pulverization, whereas the coefficient of friction was not directly correlated to the 

wear. The wear or consumption of the ice (abrasive) was in the order of 30000 – 

100000 times that of concrete despite of its strength and stiffness 1 – 10 times lower 

than that of concrete. 

 

Keywords: Concrete, ice, abrasion, experiments, friction. 

 

1. Introduction 

 

The concrete-ice abrasion process has been studied for the last 30 years, and 

can be defined as the surface degradation of concrete structures due to interaction 

with drifting ice floes. The topic is especially relevant for gravity-based structures in 

the arctic offshore, where there is limited access to service structures, which are 

supposed to be able to withstand all kinds of severe environmental conditions for at 

least 40 years according to typical basic design requirements. In practice, the service 

life actually required may be substantially longer. Moreover, the degradation of 

concrete surfaces on a meso-scale can facilitate or initiate other degradation 

mechanisms, such as reinforcement corrosion, cracking, chemical and frost attack, 

and so on. Several research groups have therefore studied this topic in both 

laboratory experiments [1–6] and field observations [1, 7–9], with a view to 

controlling and preventing concrete ice abrasion. A major difficulty in service life 

modelling and prediction is that the wear mechanism involved in this process has not 

yet been precisely described. 
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Concrete-ice abrasion can be in the order of millimetres of concrete depth per 

year. The collision of an ice floe with a concrete structure causes various kinds of 

interaction. The structure’s geometry, the ice load conditions and ice properties 

affect the nature and magnitude of the global load [10]. Concrete-ice abrasion is a 

result of local behaviour at the concrete surface under ice exposure by impact or 

sliding or both, where contact interaction between the asperities of the ice and the 

concrete surface seems to affect to the abrasion. 

Wear is a phenomenon sensitive to many parameters, and it is usually hard to 

distinguish only one mechanism. Intuitively, concrete-ice abrasion can be seen as a 

mechanical type of wear. To be more specific, we will focus on the abrasive mode. 

Abrasive wear is the fracture or deformation of brittle or ductile materials 

respectively. Since concrete is a brittle material, two mechanisms of abrasive wear 

can be relevant: micro-fracture and the pull-out of individual grains. 

Micro-fracture happens in brittle materials due to the scratching of a surface with 

a hard asperities, whereas wear grooves are observed in ductile materials. The grain 

pull-out mechanism is also relevant for concrete. As a composite material, concrete 

has low tensile strength compared to its compressive strength and relatively weak 

joins between the grains (the interfacial transition zone, ITZ), and entire grains can 

come loose as wear debris. The protrusion of coarse concrete aggregates observed 

by the authors in previous research [11] is evidence of this, because it means that 

the cement paste with fine aggregates (where the particle size is less than, say, 0.1 

mm) was worn away around the coarse aggregates. 

Stress concentrations around inhomogeneities can cause micro-crack initiation, 

and their further convergence can lead to wear. The physics of this kind of wear is 

crack nucleation and propagation with brittle fracture as the dominant wear process. 
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A recent review [12] proposed three mechanisms of concrete degradation that 

can be addressed to micro-crack initiation: high concrete tensile stress from ice 

asperity in contact with the concrete due to its low tensile strength compared to the 

compressive strength of confined ice; water pressed into cracks with wet ice-collision 

expanding these cracks; and three-body wear by sharp concrete particles between 

ice and concrete surfaces. In the latter case, the wear particles can be trapped by or 

embedded in ice, and then it is considered to be two-body wear [13]. 

The most common method for studying concrete-ice abrasion is through 

laboratory experiments. Laboratory studies typically give wear in the order of 0.1–1.0 

mm of concrete per km of ice-sliding distance depending on material and exposure 

parameters. The method used in most of these experiments has been sliding tests, 

either with normally loaded ice specimens on a concrete surface or vice versa. 

Ideally, as many relevant load and response parameters as possible should be 

simultaneously controlled and measured during such wear tests: temperatures, 

loads, movements, wear of ice and concrete, etc. The accuracy of each individual 

measurement might be limited by the resources available. This research was part of 

an experimental study of concrete-ice abrasion in which a large number of 

parameters were investigated by the quantitative analysis of correlations between 

any parameters that might influence concrete-ice abrasion. 

The scope of this research was to measure ice consumption, ice pressure, and 

the friction between ice and realistic high-performance concrete (HPC), and to study 

the relationship between these three quantities and the resulting concrete-ice 

abrasion. Ice consumption is a quantitative parameter of ice fracture mode, which is 

expected to have an effect on the wear process. For this purpose, we used the sawn 

surfaces of three different concrete mixes (B75, B85, and LB60) in contact with 
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sliding fresh-water ice in an instrumented wear measurement set-up with feedback 

controlled ice loading and high-frequency logging of load and response parameters. 

 

2. Experiment 

 

The experimental study included the above-mentioned simulation of concrete-ice 

sliding followed by measurement of abrasion wear. The contact materials and 

experimental method are described below. More detailed information about the 

equipment and set-up can be found in a recent paper [11]. 

 

2.1. Concrete 

 

The tests were carried out for three different concrete mixes, with both normal 

and lightweight aggregates. The concrete samples were made of Norcem Anlegg 

cement (Portland cement CEM I 52.5 N), with 2% Elkem silica fume (grade 940 

Undensified) substitution. The fillers were fine aggregate (Årdal, 0-8 mm grain size) 

and coarse aggregate of normal weight (Årdal, 8-16 mm grain size). The rock‐

mineral composition are: feldspathic rock/ feldspar particles 47%; granite 40%; dark 

rock 6%; quartzite, coarse grained/ quartz particles 5%; quartz rich rock 1%; 

mylonite/ cataclasite 1% [14]. The light weight concrete had light weight coarse 

aggregate (Stalite ½" and ¾" grain size). The superplasticizing admixture Dynamon 

SX-23 from Mapei was used to achieve the target fresh concrete workability. 

The fresh concrete properties were determined in accordance with EN 12350, 

part 2 (slump measure), part 6 (density), and part 7 (air content) approximately 10 
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min after water addition [15]. The slump spread was measured as the diameter of 

the collapsed slump cone. The samples were classified as B75, B85 and LB60 in 

accordance with NS-EN 206:2013+NA:2014 [16]. The results are given in Table 1. 

 

Table 1 Concrete properties of tested mixes. 

 B75 B85 LB60 

W/(C+2S)* 0.42 0.38 0.40 

Density, kg/m3  2455 2470 1905 

Air content, %  0.9 1.0 6.7 

Slump measure, mm  200 200 195 

Slump spread measure, mm  420 435 410 

28 days compressive strength (cube), MPa 90.0 100.4 69.1 

*where W, C and S are the free water, cement and silica fume powder (%wt) 

The concrete samples used for the concrete-ic1e abrasion test were miniature 

slabs measuring 100x310 mm and 50 mm high, which were cured in water at +20°C 

for 11 months before the experiments. The development of the concrete 

compressive strength over the curing time is plotted in Fig. 1. 

 

Fig. 1. The concrete compressive strength development curve. 

 

2.2. Ice 
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Our abrasion machine is designed for fresh-water cylindrical ice samples with a 

diameter of 73.4 mm and a height of 180 mm. This substitution of fresh-water ice for 

seawater ice was made for two reasons. Firstly, seawater ice has complicated 

mechanical properties and can also involve additional parameters, such as salt, 

affecting the degradation of concrete. Secondly, fresh-water ice is less aggressive 

for the test machine. Also other researchers used fresh-water ice for sliding tests [4–

6]. We have developed a simple method for preparing fresh water ice with a 

minimum number of air voids. The moulds for making ice are made of POM and are 

insulated with expanded polystyrene on the sides and bottom, resulting in 

unidirectional freezing. The ice preparation procedure has been described in detail in 

a recent paper [11]. 

The ice density was measured by hydrostatic weighing in kerosene [17] at −10 

°C. The average ice density (measured for 11 samples) was 917.0 kg/m3 for the part 

of the ice that is worn during the test (80 mm). The theoretical density of pure ice at 

−10 °C is 917.98 kg/m3 [18], which means our ice samples had a porosity of 0.1%. 

The ice porosity was also calculated using a method based on X-ray micro-

computed tomography [19]. The results gave 0.0033% porosity for the part of the ice 

sample that is worn during the test (80 mm). Both methods showed a very low 

porosity, indicating that our ice samples were practically free of air-voids. It allowed 

us to use reproducible ice and neglect the porosity effect. In this way, however, we 

also neglected that in sea ice porosity can vary within a wide range: 2–40% 

depending on ice age, ice thickness and snow cover that gives sea ice a layered 

structure with different properties. Sea ice porosity has a great effect on its 

mechanical properties: high porosity decreases stiffness and strength [20]. The grain 

size was measured as an area fraction based on the 2D image of a thin section of 
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ice across the sample approximately 30 mm above the contact between ice and 

concrete. This showed the average 2D size of ice grains was 78 mm2. 

 

2.3. Concrete-ice abrasion lab 

 

The concrete-ice abrasion lab comprises a cold room with the abrasion machine 

for simulation of exposure to ice, moulds and two freezers for making ice samples, 

and a laser scanner for detailed measurement of concrete surfaces. 

The experimental simulation of the concrete-ice abrasion process has several 

limitations: fresh-water ice without confinement by an ice field and moderate 

pressure (1 MPa), temperature (-10 °C) and duration or ice-sliding distance (3 km) of 

experiment. Furthermore, we use perpendicular sliding interaction back and forth 

only, whereas in reality the attack angle can vary depending on the drift direction. 

For sea ice, there will also be effects of seawater current and the ice-concrete 

contact will to a large extent be submerged in seawater with all types of contact 

varying from parallel sliding to normal impacting. 

The abrasion machine makes the ice sample in the holder move in repeated 

horizontal sliding movements back and forth, as shown in Fig. 2. The horizontal 

stroke length of the machine is constant at 200 mm. The average velocity is 0.16 

m/s. A vertical piston continuously pushes the ice sample against the concrete 

surface with a controlled load. A National Instruments programmed feedback system 

keeps the vertical action loading on the ice constant while the ice is moving back and 

forth via topside load sensors, and a servo engine controlled by a feedback system 

programmed in National Instruments LabView. There is a moderate cycling 

fluctuation of the ice pressure, which is related to the position of the ice sample and 
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the accuracy of the feedback system. At target pressure 1 MPa the standard 

deviation is 0.07 MPa. The vertical reaction force is measured via two underside load 

cells supporting the concrete sample. The concrete sample is positioned on a linear 

sliding bearing with a very low coefficient of friction (0.0015-0.005) and fixed with a 

pre-stressing screw on one side and a horizontal load cell on the other. 

The concrete-ice abrasion lab is kept at an average temperature of −10 °C. The 

temperature of the concrete sample is controlled through the aluminium heating plate 

between the sliding bearing and the sample. The heating plate prevents icing on the 

concrete surface. The heating plate has a channel inside, connected at both ends to 

a controlled temperature liquid (alcohol) circulator. The temperature of the concrete 

surface during the test is approximately -2 °C (measured with infrared thermometer). 

Since a major part of contact between sea ice floe and structure is below the water 

level, due to the ice density, and the seawater temperature is approximately -2 °C, 

we assume that temperature conditions are not too far away from real sea ice 

temperature conditions. 

The outputs of the test include: time, position, horizontal and vertical load 

responses (logged at 500 Hz), and total sliding distance, ice consumption, number of 

cycles, and temperature (logged at 0.17 Hz). 

The laser measurement of the concrete surface was carried out for 300 profiles 

per sample. The laser sensor measured the height of each profile on the concrete 

surface with a repeatability of 10 µm, and a measuring point distance of 50 µm. The 

outputs comprise the surface heights, which are transformed into a matrix of surface 

heights with 1900x300 points. More details on the laser scanner are given in [11]. 
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Fig. 2. The concrete-ice abrasion machine. 

 

2.4. Exposure Conditions 

 

The concrete samples were tested in sliding contact with ice and under a nominal 

ice pressure of 1 MPa. The surrounding air temperature was −10 °C. Each concrete 

sample was tested for an effective sliding distance of 3 km. The concrete surfaces 

were evaluated with the laser scanner before the test and after each kilometre of 

effective sliding distance. 

 

3. Results and Discussion 
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The results of the tests on sawn surfaces of the three different concrete mixes 

(B75, B85, and LB60) include: the abrasion of the concrete surface, ice 

consumption, ice pressure, and friction between ice and concrete. 

 

3.1. Concrete-Ice abrasion 

 

Based on the concrete surface measurements using the laser sensor, the 

abrasion was found as the difference between the unaffected zone around the edges 

of the concrete samples (where ice was not in contact with concrete at all) and an 

abraded central band of 10 mm width (where ice was sliding on concrete for the 

greatest distance). The cylindrical shape of the ice sample means that the greatest 

sliding distance is in this central band. The same approach was used by Møen et al. 

[5], who measured the concrete abrasion depth mechanically. The current study 

uses a much greater number of data points, which increases the accuracy of the 

results. 

The results for the average ice abrasion have a large scatter between the two 

parallel specimens of the same concrete quality (Fig. 3 (a)), but there is less 

abrasion for concrete mixes with higher compressive strength (Fig. 3 (b)). The 

results are therefore in line with previous findings [1] that the abrasion rate is a 

function of concrete compressive strength. 

Fig. 3(a) shows a higher abrasion rate from 0 to 1 km than from 1 to 3 km. We 

interpreted the higher rate from 0 to 1 km as early-stage wear, where severe initial 

contact took place [21], and the lower rate of the further abrasion from 1 to 3 km as a 

less severe wear mode [21]. 
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(a) (b) 

 

Fig. 3. (a) The average concrete-ice abrasion in the central band of sawn concrete surface; (b) 

average concrete-ice abrasion of the central band after 3 km for the various concrete mixes over the 

cube compressive strength of concrete at the start of concrete-ice abrasion test. 

 

The current results are remarkably different from those from early studies of 

concrete-ice abrasion [22]. At that time, the results showed three stages of concrete 

abrasion by ice on a mould concrete surface. The first stage was interpreted as 

abrasion of the cement paste at the cast surface. The second (transition) stage 

involved a gradual reduction of wear as the coarse aggregate was increasingly 

exposed. Finally, a stable stage with a constant wear rate was reached with 

exposure of the coarse aggregate. To achieve a constant wear rate from the 

beginning, tests of sawn concrete surfaces were proposed [3]. It was assumed that 

the abrasion of a surface would be stable if 1 cm was sawn off the sample to reach a 

concrete depth with a constant surface area fraction of aggregate. Remarkably, the 

results in Fig. 3(a) show that, even with sawn concrete surfaces, there is still an 
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initial stage with a higher abrasion rate that cannot be explained by the three-stage 

model above. 

The same kind of severe–mild wear transition has also been observed in wear 

tests of other types of material, such as uncompressed UHMWRE (ultrahigh 

molecular weight polyethylene) [23], iron [24–26], and carbon steel [27, 28]. Various 

wear modes have been found to be influenced by normal stiffness in loading 

(physically by normal loading) and sliding velocity[27]; the severe–mild wear 

transition was observed in wear tests of carbon steel at low stiffness (1-600 N/mm) 

and low sliding velocity (0.25 m/s). When the sliding velocity was increased to 1.57 

m/s, only the severe mode was observed. The role of wear particles in severe–mild 

wear transition has been investigated [25, 28], and it was found that, during the 

severe–mild wear transition, the morphology of the wear particles also changed from 

coarse to fine. The attachment of oxidized fine wear particles to the surface created 

a protective oxide film, which induced mild wear. The severe initial wear rate of 

UHMWRE was interpreted as caused by nonlinear creep deformation, which then 

reached a steady state, creating the mild wear rate. Another interpretation of high 

initial wear was wear of rough machined surface. Mathematical models of abrasive 

wear of concrete have been developed for various exposures [12, 29]. The 

decreasing wear rate after the maximum wear rate is reached has been modelled 

and compared with ASTM C 1138 wear experiments on HPC [29]. The concrete 

samples with higher wear resistance reached the maximum wear rate later than 

samples with lower resistance properties. 

 

3.2. Concrete-Ice abrasion vs. ice consumption 
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The role of the mating material, ice in our case, is very important. It is well-known 

that the harder the mating material, the higher is the abrasion of the tested material 

[21]. Measurements of the consumption of the mating material, however, are rare. In 

our case we think it is interesting since the softer ice is capable of wearing the harder 

concrete. 

Fig. 4(a) shows the accumulated ice consumption versus the accumulated 

concrete abrasion for the same test series as in Fig. 3(a). Each marker represents 1, 

2 or 3 kilometres of the effective sliding distance of ice passing a point on the 

concrete surface along the central band. For a constant ice-sliding distance of 3 km, 

the accumulated ice consumption varied a lot between the 6 specimens. The ice 

consumption was in the order of 30,000–100,000 times greater than the wear of the 

concrete, so the concrete is clearly a very durable material considering that the 

differences between concrete and ice in mechanical properties such as strength and 

elastic modulus are rather small: in the order of only 1–10 times greater for concrete 

than for ice. 

The ratio in Fig. 4(b) shows that the higher concrete abrasion rate during the first 

kilometre already visible in Fig. 3(a) is accompanied by a relatively low ice 

consumption rate. For all six series the ratio of the concrete abrasion rate to the ice 

consumption rate decreases substantially in the subsequent sliding distance 

intervals. 
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(a) (b) 

Fig. 4. (a) The accumulated average concrete-ice abrasion vs. the accumulated ice consumption, with 

each marker representing a kilometre of sliding distance; (b) the ratio of the concrete abrasion rate 

and the ice consumption rate for three contiguous sliding distances of 1 km. 

 

One possible explanation for the varying ice consumption could be differing 

fracture modes of the ice. As a simplification, we could say that there are two 

extremes in contact between ice and a concrete surface: sliding and crushing. Our 

test set-up was originally designed for testing sliding. The ice sample in our machine 

is unconfined in the tight ice sample holder during the test, because the ice was 

constantly pushed through the ice sample holder. This meant that our machine could 

not simulate the crushing of ice. To improve the possibility of varying the ice loading 

mode, a spallation-sliding mode was developed by giving the sliding ice less lateral 

support (and therefore less confinement) from the steel ice-holder (Fig. 2) using a 

relatively simple method [11]. This was termed spallation and resulted in large 

amounts of ice debris and much greater ice consumption than the sliding mode, 

which in turn was found to affect the wear of the concrete [11]. 
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3.3. Ice consumption 

 

Ice consumption can be seen as an ice exposure parameter. As mentioned 

above, it was earlier observed that there is a relationship between the abrasion of 

concrete and the type of ice damage. So the scatter in concrete abrasion between 

two identical concrete specimens made from the same concrete mix is probably, at 

least partly, due to the substantially greater scatter in ice fracture [30] than in 

concrete fracture. The average coefficient of variation in the cube compressive 

strength of the concrete was 1.2%, the average coefficient of variation in the 

concrete abrasion was 53.9%, and the average coefficient of variation in the ice 

consumption was 101.8%. 

Fig. 5 shows that the frequency distribution of the ice consumption during the test 

varied widely and was not concentrated. Most of the ice for all 6 concrete specimens 

was consumed at rates lower than 2000 mm/km. The two LWC (lightweight 

concrete) samples LB60-1 and LB60-2 both consumed a large number of ice 

cylinders at very high ice consumption rates of around 9000 mm/km. These were 

also the two concrete specimens that gave the highest average concrete abrasion in 

Fig. 3. On the other hand, the two concrete specimens with the lowest abrasion and 

highest strength, B85-1 and B85-2, consumed comparatively few ice cylinders with a 

high ice consumption rate. The two concrete specimens with the lowest abrasion, 

B75-1 and B85-2, consumed few or no ice cylinders at very a high ice consumption 

rate. From this, it seems that, at least qualitatively, there is a tendency for a 

temporarily high ice consumption to cause high concrete abrasion. 
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Fig. 5. Frequency distribution of the ice consumption during the test (using 120 bins of size 100 

mm/km). 

 

3.4. Effect of ice consumption on COF in two characteristic cases 

 

Fig. 6 shows the variation in the ice consumption rate over the 3 km of ice sliding 

on concrete specimen B75-1 for the 45 ice cylinders used on it. The ice consumption 

varies greatly and seemingly randomly, from a few hundred mm of ice per km of 

sliding to more than 8000 mm of ice per km of sliding. 

A closer look at the time series of various ice specimens sliding over concrete 

specimen B75-1 can be made by comparing two ice cylinders in Fig. 6: the one with 

an ice consumption rate of 2474.7 mm/km (Case 1) and the one with an ice 

consumption rate of 679.35 mm/km (Case 2). Since the difference in ice 

consumption rate is possibly related to concrete-ice abrasion, it is interesting to look 

at other exposure parameters for Case 1 and Case 2. We therefore investigated the 
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ice pressure, the velocity, and the coefficient of friction between the ice and 

concrete. 

 

 

 

Fig. 6. Variation in ice consumption with sliding distance for sample B75-1 

 

3.4.1.  Nominal ice pressure for Case 1 and Case 2 

 

Fig. 7 shows the nominal ice pressure over time for each of the two cases. The 

time is limited by the length of the ice sample: 188 mm for Case 1 and 193 mm for 

Case 2. In Case 1, the ice sample was consumed in approx. 600 seconds, whereas 

in Case 2, the ice sample was consumed in approx. 2700 seconds. 
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Fig. 7. The ice pressure in Cases 1 and 2 with differing ice consumption 

 

The variation of the ice pressure is contradictive to the fact that the loading during 

the test was constant. Figure 7 demonstrates two types of pressure instability. The 

first one is a cyclical fluctuation of ice pressure which is addressed to ice position 

and gain of the feedback system, it goes up and down when the machine is going 

back and forth. This can be seen in Fig. 7 (marked as Case 1/2 and Case 2/2). The 

standard deviation of ice pressure induced by this fluctuation is 0.07 MPa. The 

second type is a large drop in the nominal ice pressure during the test (marked as 

Case 1/1 and Case 2/1). Such pressure drops give the standard deviation of 0.28 

MPa and 0.09 MPa for Case 1 and Case 2 respectively. 

The large drop in the nominal ice pressure was interpreted as the pulverisation of 

the ice sample due to a high concentration of cracks [11] during the spallation 

process, that demonstrates the brittle behaviour of ice. The spallation was provoked 

by giving less lateral support to the lower part of the ice cylinder in sliding contact 

with the concrete by increasing the gap between the concrete surface and the 

supporting steel cylinder to 8 mm [11]. When the ice sample could no longer 
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withstand the target load it spalled, and both the stiffness of the loading system and 

the gain of the control system were not able to supress such unstable behaviour 

causing the load to drop rapidly (Fig. 7). This is considered as a dilemma of control: 

if the machine would have been controlled in such a way that these load drops would 

have been circumvented, we would possibly face unwanted local and global inertia 

effects. In the used set-up, this feature of the machine response limits the possibility 

to study the real contact interaction between ice and concrete. We expressed the ice 

pressure as a ratio of nominal load and ice cross section, with an assumption that 

the contact area is constant. However, the contact area is always smaller than an 

apparent area [31]. Moreover, the brittle fracture of the ice sample at Case 1/1 

created an irregular ice surface in contact with the concrete, which is smaller than 

the original surface (Fig. 8 (a)). In contrast, during the sliding in Case 2, the ice 

sample was flat in contact with the concrete (Fig. 8 (b)), and gradual spallation took 

place around the edges of the ice sample. It means that although the average 

pressure drops in Fig.7, the contact pressure in the contact zone between the 

concrete surface and sharp ice asperities could increase due to decreasing of the 

contact area. Since the pressure distribution is not uniform, such high stress 

concentrations due to the brittle behaviour of ice are known as high-pressure zones 

(HPZ) [32]. The HPZs appear and disappear rapidly with the brittle behaviour of ice 

[33]. Hypothetically, the lowest pressure in Fig. 7 (which is 0.1 MPa) could be 

distributed over 5% or 1% of the apparent area for a few seconds that will give 2 

MPa or 10 MPa of ice pressure in potential HPZ. Such great local increase in contact 

pressure can induce local degradation of the concrete surface. However, we are 

aware that the origin of HPZ is strongly affected by high confinement of ice floe, 

which is hard to simulate in our concrete-ice abrasion test. The spallation and 
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pulverisation of ice during sliding tests produces ice fragments of various sizes (Fig. 

8 (c)). These ice wear particles are much greater than the magnitude of concrete-ice 

abrasion. The sharp shape of the ice fragments highlights the possibility of HPZs 

appearance. 

 

   

(a) (b) (c) 

 

Fig. 8. (a) Typical ice sample for Case 1/1, (b) typical ice sample for Cases 1/2 and 2/2, (c) ice 

fragments after spallation during a sliding test. 

 

3.4.2.  COF vs. sliding velocity 

 

Fig. 9 shows the distribution of the Coefficient of Friction (COF) over the sliding 

velocity for Cases 1/1, 1/2, 2/1 and 2/2 as shown in Fig. 7. The COF was derived as 

the ratio between the responses of the horizontal and vertical load cells. The velocity 

was derived as the ratio between the logged changes in position and time, and it 

varied from 0 to 0.3 m/s. To make it possible to detect any asymmetry in the 

machine movement, all results were plotted separately for forward and backward 

sliding directions. If we compare the left-hand and right-hand plots in Fig. 9, there 

appears to be no clear difference between the two opposite directions. The 

dependence of the COF on the sliding velocity for arbitrary mating materials is the 
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subject of ongoing research, and higher-order dependencies might yet be revealed 

[34]. The solid lines in Fig. 9 are fourth-power polynomial functions of the COF over 

the sliding velocity. 

Fig. 9 shows that the COF depends on the sliding velocity. The maximum COF 

corresponds to a velocity approaching zero. Remarkably, the COF during 

pulverisation events (Fig. 7 Case 1/1) was very high (0.29–0.26) compared to the 

COF for the rest of the time series (0.096–0.10) (Fig. 7, Case 1/2). There was also a 

difference in the COF between Case 2/1 and Case 2/2; it was 0.09 and 0.06 

respectively at a velocity close to zero for the forward sliding direction. The 

difference was not as clear as in Case 1; this might be due to the smaller load-

changing amplitude in Case 2 (Fig. 7, Case 2). 
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Fig. 9. The variation in the coefficient of friction over the velocity for different loading cases: Case 1/1, 

Case 1/2 and Case 2/1 and Case 2/2 (Fig. 7) for forward and backward sliding directions. 

 

3.4.3.  Static and kinetic COF 

 

Fig. 10 shows the same data as in Fig. 9 for Case 1 and 2, limited to COF = 0.3 

on the y-axes and plotted as frequency distributions of the coefficient of static and 

kinetic friction. The coefficient of static friction was found for the velocity range of 0–

0.005 m/s, and the coefficient of kinetic friction was found for the velocity range of 

0.158–0.163 m/s, where the kinetic friction corresponds to the average sliding 

velocity of the entire sinusoidal movement cycle. The solid lines in Fig. 10 are fourth-

power polynomial functions of the COF over the sliding velocity. The frequency 

distributions show a concentration of data clouds close to the polynomial regression 

functions. 

 

 

(a) 
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(b) 

 

Fig. 10. The frequency distribution of the static and kinetic coefficient of friction: (a) Case 1/1 and 1/2; 

(b) Case 2/1 and 2/2 (bin range 0:0.005:1). 

 

The range of the COF measured was relatively large and went beyond 0.3. The 

standard deviation is different for static and kinetic friction and is plotted in Fig. 10. 

The results show that the COF values obtained during pulverization events with 

unstable load (Case1/1 and Case 2/1) were statistically different from those 

measured with stable-load sliding. Such short random periods with high ice 

consumption, such as Case1/1 and Case 2/1 where ice spallation into fragments 

occurs (Fig. 8 (c)), are rare compared to the majority of the time series. The majority 

seems to be dominated by sliding, but spallation probably affects the wear. 

Hypothetically, the short contact of sharp ice fragments with the concrete surface 

could cause the onset of severe wear or pull-out of wear particles. Wear particles 

such as cement paste or fine aggregates like quartz could stay in the contact zone 

as third-body wear and initiate further damage. 
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3.4.4.  Pressure distribution and COF 

 

Fig. 11 shows the frequency distribution of the ice pressure (solid line) and the 

corresponding COF (grey point cloud). As mentioned above, the cloud of COF 

measurements has a low density at low pressure, and the main concentration of 

events is around the target load 1MPa. The low values for the ice pressure during 

the test are due to ice spallation and the resulting high ice consumption. Both cases 

show that the highest values of COF correspond to lower ice pressure. As was 

mentioned above, in Section 3.4.1., the drop of the nominal ice pressure in this 

experiment does not exclude the chance of HPZs formation at the same time. In this 

case, the highest values of COF could correspond the HPZs. 

 

(a) (b) 

 

Fig. 11. The distribution of the COF over the ice pressure (grey markers), and the frequency 

distribution of the ice pressure (solid line): (a) for ice consumption 2474.7 mm/km; (b) for ice 

consumption 679.4 mm/km (bin ranges 0:0.01:1.5). 

 

3.5. Abrasion rates in different areas on the concrete surface 
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Fig. 12 shows the abrasion rates for three different areas of the central band of 

the concrete surface: the left-hand, central and right-hand parts of the abraded 

surface (see the insert in Fig. 12). The effective sliding distance depends on the 

circular shape of the ice in the contact area, and it is shorter at both ends of the 

central band and where the ice sample stops moving. This means that the abrasion 

rate differs in the different areas. The highest abrasion was on the right-hand side 

due to an eccentricity in the abrasion machine. The nominal ice pressure was also 

higher on the right-hand side due to same eccentricity. 

 

 

 

Fig. 12. The concrete abrasion rate in different areas and with different sliding distances.  

3.6. The abrasion rate vs. the coefficient of friction 

 

Fig. 13 shows the COF vs. the abrasion rate of the concrete for the initial wear in 

the first 1 km of effective sliding distance and for the mild wear from the next 2 km of 

effective sliding distance. To make it possible to compare the COF with the abrasion 

rate, we use the average COF per 1 km of effective sliding distance. Fig. 13 shows 

that the average COF concentrated in the static (0-0.01) and kinetic (0.05-0.10) 
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regions, and the resulting average COF shows no clear relationship to the abrasion 

rate in the actual areas. Possibly the amount of data for friction and wear are too 

limited in each small area at the centre and ends of the central band shown inserted 

in Fig. 12. This small-scale effect of the concrete-ice abrasion measurement is 

probably typical for many of the effects where we see high scatter in our experiment 

and underlines the general difficulty of simulating the complex concrete-ice abrasion 

process by a limited experiment. 

 

 

(a) (b) 

 

Fig. 13. The coefficient of friction and the average abrasion rate for: (a) initial wear, from 0 to 1 km of 

effective sliding distance; and (b) mild wear from 1 to 3 km. 

4. Conclusions 

 

Based on the measurements of three quantities (ice consumption, ice pressure 

and friction between ice and concrete), we came to the following conclusions: 

 The abrasion of high performance concrete after 3 km of effective sliding 

distance is low (in the order of 0.1 mm). 
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 Concrete-ice abrasion is higher for concrete mixes with lower cube 

compressive strength, as expected. 

 Concrete-ice abrasion changes from severe (from 0 to 1 km) to mild (from 1 to 

3 km) wear, even when the test surfaces are sawn. 

 Ice consumption during concrete-ice abrasion testing is a randomly varying 

parameter associated with the much greater scatter in ice fracture properties 

than in concrete fracture properties. 

 High ice consumption due to ice spallation and pulverization during the test 

seems to affect concrete ice abrasion. 

 The COF is higher during ice spallation and pulverization due to the rough 

surface of the ice. 

 The COF is not directly correlated to the abrasion. 

 The wear of ice is 30,000 – 100,000 times larger than the wear of concrete in 

spite of that the strength and stiffness of the concrete is only in the order 1 – 

10 times that of ice. 
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Highlights 

 Simultaneous measurements of concrete wear, ice consumption and friction 1 
were made. 2  

 The observed abrasion was very low: maximum 0.35 mm after 3 km. 3  
 Severe-to-mild wear transition of concrete-ice abrasion was observed. 4  

 Ice spallation increases ice consumption and coefficient of friction.  
 


