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Abstract
Although concrete gravity-based structures (GBS) have been in use for decades in Arctic
seas, the abrasion of concrete cover from drifting ice in the tidal level is still a relevant topic.
The concrete cover should conform for approximately 40 years of service life, at the same time
avoiding a too conservative cover thickness. The simulation of concrete ice abrasion in
laboratory conditions is a challenging task and has to deal with many limitations. In this project,
laboratory tests showed average abrasion depths of 0.01 – 0.35 mm for high-performance
concrete after 3 kilometres of sliding ice. The abrasion depth varied and was higher for the
concrete sample with lower compressive strength.
The PhD project was aimed to increase the understanding of the mechanisms behind
concrete-ice abrasion through laboratory experiments of high-performance concrete. To
achieve it, the project was split into three steps. The first and, at the same time, the most timeconsuming step was the development of a non-standard laboratory test method, that simulates
concrete-ice abrasion. It included several feasibility studies of measuring wear of concrete
surfaces and production of ice samples. Finally, the experimental method was changed
comprehensively (compared to the original method developed in 2008), including new
components of the abrasion machine, an entirely new laser scanning method and a new method
for ice production. This was described in two conference papers [Conference paper 1 and 2].
The second step was the experimental study with different concrete samples. The first
series of pilot laboratory experiments with sawn concrete surfaces under similar test
conditions showed a new behaviour of ice spallation that might affect the abrasion results. The
appearing of ice spallation during the sliding test was explained by specific features of the
experimental rig [Paper I]. Later more experimental work showed that the spallation was a
somewhat spontaneous process without unambiguous connection to the variation of main
process parameters [Paper II]. However, the spallation of ice sample during the simulation of
concrete ice abrasion had a definite effect on the increased coefficient of friction (up to 9 times
difference), on increased abrasion and highlighted the importance of studying of the highpressure zones. Another new significant result of this project was a variable abrasion rate.
During 3 kilometres of sliding tests, with different types of surface conditions, the highest
abrasion rate was observed during the first kilometre (0.01 – 0.24 mm/km), and decreased
substantially afterwards (0 – 0.03 mm/km) [Paper III].
The third step was to explore the laser scanning method for a topographic study on
different concrete surfaces (sawn, moulded and sand-blasted) during the concrete-ice abrasion
tests [Paper III]. This study revealed both increase and converging of concrete roughness. The
abrasion process was seen as protrusion of coarse aggregate (on both types of aggregate
granite and lightweight aggregate), an opening of compaction air voids and cutting off the
peaks.
It could be concluded that the process of concrete-ice abrasion is highly sensitive to the ice
fracturing mode, appearance of high-pressure zones in the contact zone and mechanical
strength of the concrete.

III

Table of contents
Preface.................................................................................................................................................................... I
Acknowledgements .......................................................................................................................................... II
Abstract .............................................................................................................................................................. III
Table of contents ............................................................................................................................................. IV
Declaration of authorship .............................................................................................................................. V
Part I – Research framework and outcomes ..................................................................................................... 1
1.

Introduction ............................................................................................................................................... 2

2.

Objectives and assumptions................................................................................................................. 3

3.

Development of the concrete-ice abrasion laboratory method ............................................. 4

4.

Main results ................................................................................................................................................ 8

5. Conclusion ..................................................................................................................................................12
6. Further research ......................................................................................................................................13
7. References ..................................................................................................................................................15
Part II – Appended journal papers
I.
II.
III.

Concrete-Ice Abrasion Test with Sliding Ice and Ice Spallation
Concrete-ice abrasion: Wear, coefficient of friction and ice consumption
Topography studies of concrete abraded with ice

Annex A – Conference papers
1. Concrete ice abrasion rig and wear measurements
2. Concrete-ice abrasion: surface roughness and measurement method
3. Lattice Modelling of the Onset of Concrete-Ice Abrasion
4. Concrete-Ice Abrasion Laboratory Experiments
5. Concrete-Ice Abrasion: Laboratory Studies using a Sawn Concrete Surface
Annex B – Database and supplementary information

IV

Declaration of authorship
I.

Concrete-Ice Abrasion Test with Sliding Ice and Ice Spallation
G. Shamsutdinova, M.A.N. Hendriks, and S. Jacobsen
Nordic Concrete Research, 2017. 57: p. 39-57.
Guzel Shamsutdinova has planned and conducted concrete-ice abrasion experiments, evaluated the
results, generated ideas for publication, made graphs and illustrations and written the paper. The coauthors have contributed to planning the work, discussing the results and reviewing the manuscripts.
II. Concrete-ice abrasion: Wear, coefficient of friction and ice consumption
G. Shamsutdinova, M.A.N. Hendriks, and S. Jacobsen
Wear, 2018. 416-417: p. 27-35.
Guzel Shamsutdinova has conducted concrete-ice abrasion experiments, tested concrete compressive
strength, measured ice density by hydrostatic weighing in kerosene, evaluated the results, made
graphs and written the paper. The co-authors have contributed to planning the work, discussing the
results and reviewing the manuscripts.
III. Topography studies of concrete abraded with ice
G. Shamsutdinova, M.A.N. Hendriks, and S. Jacobsen
Wear (Submitted in December 2018).
Guzel Shamsutdinova has conducted concrete-ice abrasion experiments, made thin sections of ice
samples, collected and sieved the ice fragments, collected concrete wear particles, adjusted the
application of laser sensor to the concrete surface, evaluated the results, made graphs and written the
paper. The co-authors have contributed to planning the work, discussing the results and reviewing the
manuscripts.

Conference proceedings
1. Concrete ice abrasion rig and wear measurements G. Shamsutdinova, P.B. Rike, M.A.N. Hendriks, and
S. Jacobsen. Proceedings - International Conference on Port and Ocean Engineering under Arctic
Conditions 2015.
Guzel Shamsutdinova has described new features of the abrasion lab at NTNU and written the paper.
Paal Rike has programmed the abrasion rig control software. The co-authors have contributed to
discussions and reviewing the manuscripts.
2. Concrete-ice abrasion: surface roughness and measurement method G. Shamsutdinova, M.A.N.

Hendriks, and S. Jacobsen. Proceedings 5th Int. Conf. on construction materials: performance
innovations and structural implications 19-21 August 2015, Whistler, BC, Canada. Vancouver:
University of British Columbia 2015 ISBN 978-0-88865-168-6.
Guzel Shamsutdinova has made a feasibility study of concrete surface measurement, evaluated the
results of master theses of Nicolai Segaard Greaker and Kristian Sætre, and written the paper. The coauthors have contributed in discussing the results and reviewing the manuscripts.
3. Lattice Modelling of the Onset of Concrete-Ice Abrasion N. Ramos, G. Shamsutdinova, M.A.N.

Hendriks, and S. Jacobsen. Proceedings the 8th Int. Conf. on Concrete Under Severe Conditions
Environment and Loading - CONSEC2016. Trans Tech Publications 2016 ISBN 978-3-03835-621-9.
Guzel Shamsutdinova has contributed to the planning, discussions, graphical illustration and written
the paper. Master student Nathalie Ramos conducted the modelling. The co-authors have contributed
in discussing the results and reviewing the manuscripts.
4. Concrete-Ice Abrasion Laboratory Experiments G. Shamsutdinova, M.A.N. Hendriks, and S. Jacobsen.

Proceedings - International Conference on Port and Ocean Engineering under Arctic Conditions 2017
Guzel Shamsutdinova has conducted experiments and written the paper. The co-authors have
contributed in discussing the results and reviewing the manuscripts.
5. Concrete-Ice Abrasion: Laboratory Studies using a Sawn Concrete Surface G. Shamsutdinova, M.A.N.

Hendriks, and S. Jacobsen. Proceedings - XXIII Concrete Research Symposium, Aalborg 2017
Guzel Shamsutdinova has conducted experiments and written the paper. The co-authors have
contributed in discussing the results and reviewing the manuscripts.

V

Part I
Research framework and outcomes

1. Introduction
Unrestrained ice has lower mechanical properties than the concrete material, which is used
in most offshore structures. Still, the latter can suffer severe abrasion when ice floes slide and
crush against offshore concrete structures in Arctic and sub-Arctic areas. The magnitude of the
concrete-ice abrasion on structures can be in the order of 0.1 – 1 mm per year, whereas in the
lab the wear typically is in the order of 0.01 – 1.00 mm depth per kilometre of horizontal ice
movement.
In the late 1980-s, extensive research into this problem was initiated in several countries
in the northern hemisphere [1-4] resulting in a number of laboratory studies [1, 5-9]. The
experimental method varies for different laboratories, but so far most experimental work has
been based on the sliding interaction between ice and concrete.
The problem of concrete abrasion by ice was mainly studied based on principles of
empirical ice engineering and from a material resistance perspective. However, those
predictions are complicated due to the involvement of many phenomena, combining concrete
and ice material properties, mechanics and tribology. Wear is sensitive to many parameters,
and it is usually hard to distinguish only one mechanism. Concrete-ice abrasion can be seen as
an abrasive mode of the mechanical type of wear, with fracturing materials. In the case of
concrete-ice abrasion, both concrete and ice are of a brittle nature, where ice fracture is
affected substantially by its structure, temperature and loading rate and, moreover, has a high
scatter. The special feature of concrete-ice abrasion mechanism is that the wear of concrete,
which has higher material properties than ice, is in focus.
Two mechanisms of abrasive wear can be relevant: the micro-fracture and the pull-out of
individual grains. The micro-fracture happens in brittle materials due to the scratching of a
surface with hard asperities. The maximum tensile stress in concrete at sliding contact with ice
is of the same order as the ice compressive strength. Therefore, the softer ice can fracture the
harder concrete [10]. Concrete is a composite material often described with 3 phases: hard
natural aggregate, cement paste and a weaker Interfacial Transition Zone (ITZ) between
aggregate and paste. Therefore, the grain pull-out mechanism is also relevant.
The scope of this work has been to proceed in this field by going from the ice-and-material
engineering perspective towards the study of tribology parameters such as friction, surface
roughness, topography and wear particle characteristics by further developing the laboratory
and test procedures (wear machine, ice making, laser scanning of wear). This study, therefore,
combines the previous concrete-ice abrasion test of high-performance concrete [8] with an
improved set-up with sensitive measurements, and wear studies of different types of surfaces
[6] applied to different high-performance concrete mixes. Taking into account that extensive
work has been invested in the development of experiments, a limited number of variables and
measured parameters are investigated: Normal Density and Light Weight Aggregate concretes,
types of concrete surface, coefficient of friction, consumption of ice, wear and wear particles
from both ice and concrete, surface roughness and surface topography evolution.
In this Part I of the thesis the emphasis is on presenting the research framework, focussing
on the development of the lab facilities. The main outcomes of the work are presented as well.
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The main research contributions are in the journal papers, collected in Part II. The thesis
further has two annexes with conference papers and supplementary information.

2. Objectives and assumptions
2.1.

Objectives

The primary objective of the PhD project was to improve the existing method of
experimental characterisation for the process of concrete-ice abrasion. The modification was
undertaken in order to make a step towards studying tribology factors like friction and
roughness in addition to concrete and ice material parameters and to increase the accuracy of
predictions from the test, to improve the understanding of the concrete-ice abrasion
mechanism. Consequently, the following research tasks were formulated:
1. Improve the existing concrete-ice abrasion test method;
2. Investigate the ice fracture mode relation to concrete-ice abrasion during the sliding test;
3. Investigate the coefficient of friction relation to concrete-ice abrasion;
4. Investigate the degradation process of various surfaces of high-performance concrete by
analysing surface roughness parameters and topography data from the laser scanner;
5. Investigate the protrusion of granite and lightweight aggregates from the cement paste
phase as the abrasion proceeds.

2.2.

Assumptions and limitations

This study used fresh-water ice, which was grown unidirectionally in a freezer at - 20°C.
This choice was made first of all to grow air-free ice fast enough and in a reproducible manner
for an experiment with high ice consumption. Another significant limitation was that the
abrasion machine could not be used for ice made from salt or sea water.
The collision of an ice floe with a concrete structure in the field leads to various types of
mechanical interaction. This research focuses only on physical simulation of ice sliding on a
concrete surface under vertical load.
The ice sample during the test has no confinement except for a tight fit into the steel ice
sample holder. This limitation is because the abrasion machine dislocates ice through the ice
sample holder continuously in the direction normal to the concrete surface. While pushing the
ice, the machine also slides the ice back and forth on the concrete specimen in the direction
tangential to its surface. A significant ice consumption during this sliding with controlled
loading requires smooth displacement of the ice sample through the ice sample holder that
limits the confinement.
The sliding distance was three kilometres as the most optimal concerning the capability of
the abrasion machine and time consumption.
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The considered concrete mixes were the normal density (ND) high-performance concrete
mixes that have cube compressive strength from 75.9 up to 100.4 MPa after 28 days. One of
them was frost-resistant concrete with air-entraining agents. Besides, a light-weight aggregate
concrete mix (cube compressive strength 69.1 MPa) was investigated. Various concrete
surfaces were tested for the ND mixes: mould, sawn and sand-blasted, in order to study the
effect of initial surface roughness on concrete-ice abrasion.

3. Development of the concrete-ice abrasion laboratory method
This project was focused on friction and loading during the concrete-ice abrasion test and
on the parameters of the concrete surface. In order to obtain that, the following measures were
done to improve the existing concrete-ice abrasion laboratory method. First of all, the abrasion
machine was supplied with new components and reprogramed to increase sensitivity and
amount of data acquired. Second, the new method for concrete surface analysis was developed.
Third, the new method for ice sample production was developed. Section 3.4. describes the
choice of concrete samples. More details about the test method and materials can be found in
the Database, Annex B.

3.1. Steps in the improvement of abrasion machine
The abrasion machine has been used since 2008 for concrete-ice abrasion test. Originally it
is a modified shaping machine that makes the ice sample holder moving periodically in a
horizontal direction, while a vertical piston continuously dislocates the ice sample against the
concrete surface with a constant load.
The design of the first modification of the abrasion machine did not fulfil the aims of this
project. Namely, the frequency of logging of the load responses was insufficient and so limited
the study of coefficient of friction; the system was not equipped with an accurate, feedbackcontrolled system to keep ice load constant during large and variable ice consumption; the
measurement of horizontal forces was not accurate enough for the purpose of this project and
hence resulted with inaccurate measurement of coefficient of friction; a relatively soft vertical
support of the concrete sample increased the possibility of breakage under the ice loading;
inadequate heating plate under the concrete sample and rather complex loading of new
samples. Therefore, a range of improvements and new components were made; the list of the
components is presented below. A detailed description of the abrasion machine can be found
in [Paper I, II] and in the Database, Annex B.
First of all, the logging and feedback frequency of horizontal and vertical load responses
was increased up to 500 Hz (previously it was 10 Hz). There are a feedback and logging system,
programmed with National Instruments LabVIEW with a new hardware interface card. The
feedback system records the oscillations of loading during the periodic motion of ice and
maintains the target ice pressure. Also, a servo engine was added to ease the sideways motion
of the concrete sample holder to ease the replacement of the ice sample.
A new linear bearing sliding system has been installed for supporting the concrete sample.
It was necessary for two reasons: to provide rigid support to the concrete sample and to
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minimise the friction between the concrete sample and the rig and so to capture the friction
between concrete and ice. The new linear sliding system has a coefficient of friction of 0.0015
– 0.005.
Two new vertical load cells were installed under the sliding bearing system, for measuring
the vertical load response, which was further used to calculate the coefficient of friction.
The heating system of the concrete sample is now a rigid part of the abrasion machine
sample holder. Earlier it was a softer, unstable, separate copper plate under the concrete
sample connected to an ethanol circulation system. The new modification reduced the number
of components.
The improvements made it possible to capture load responses at high frequency for further
analysis of the coefficient of friction. The overall reliability of the machine increased, and the
maintenance became easier. However, the experiments were interrupted several times due to
the breaking of the main shaft for ice load or the bearing threads that hold it. The new parts
were machined and installed as fast as possible, but the test remains severe to the equipment
and requires regular access to assistance from experienced mechanical, instrumentation and
computer workshops.

3.2. Laser scanner
The laser scanner was developed for this project by researchers and lab engineers at the
Department of Structural Engineering (NTNU). The goal was to construct an in-house device
for high-resolution scanning of concrete surfaces. Earlier the laboratory was equipped with a
manual digital calliper. It gave a limited amount of points (111 points [8]); the measurement
was time-consuming and inaccurate. The feasibility studies of an alternative option using an
optical scanner ATOS 600 SO were made [Conference paper 1, 2]. Trial tests of the scanner
demonstrated that it was complicated to obtain the required surface parameters, mainly due
to the voids and areas of black colour on the concrete surface that were not captured by this
type of scanner. A scanner-specific stitching procedure of adjacent surfaces was considered as
not suitable for our purpose of wear- and roughness studies.
The new laser scanner is a combination of a laser sensor, a computer-controlled linear
motion system and a system for data acquisition, signal treatment, data processing and
graphical representation. The data process method allows representing the concrete surface
(100x300 mm) as a matrix of surface heights of 1900x300 points. The laser gives a μ-scale
resolution of the surface with 50 μm laser spot diameter at the concrete surface. The scanner
motion velocity and logging rate are synchronised so that the entire surface is scanned:
approximately 20 laser point height measurements are conducted per 1 mm sideways
movement of the laser on the concrete surface [Paper I].
Although the laser scanner covers the entire concrete surface using a much higher number
of points, the concrete-ice abrasion measurements were made in the area of the surface, where
the abrasion process was homogeneous [8]. This decision was made due to the cylindrical
shape of the ice sample that resulted in a non-uniform geometry of the abraded zone and,
respectively, variable duration of sliding contact at the concrete surface. It was assumed that
the ice travel length is constant in this zone.
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However, the increased amount of measuring points also made it possible to look at the
axial profiles of the concrete sample, surface topography, and evaluate various surface
parameters: roughness, skewness and kurtosis [Paper III].
The laser sensor was calibrated with a steel calibration block 2.5 mm thick and found to
have a vertical accuracy of 16 µm. The repeatability of concrete ice abrasion measurements
showed low deviation: 0.20% and 0.04%, for a concrete sample that was placed three times
before the scanning, and for a concrete sample that was scanned three times without being
moved, respectively, see Annex B (Database/ Manuals/ repeatability test).

3.3. Ice samples
This concrete-ice abrasion study showed high consumption of ice during the test [Paper II].
Therefore, the method of fast production of reproducible ice samples that fit the ice sample
holder and have low porosity was needed. In earlier work, the mould for the ice sample was
filled with tap water and placed in the freezer for 20 hours. As a result, the ice started to grow
from the sides of the mould and all air contained in the water accumulated in the central part
of the ice cylinder. Due to all the air voids captured during this uncontrolled, multidirectional
freezing the ice had low density (Figure 1 (a)).
The production of ice samples in different ways was investigated in a Master thesis [11].
Samples with the lowest porosity were those grown in the FRYSIS tank within seven days with
unidirectional freezing, controlled freezing rate and controlled boundary conditions of the tank
(Figure 1 (b)). The ice was frozen slowly, and air could migrate towards the water. However,
the core of the ice sample for concrete ice abrasion test shown in Figure 1(b) was drilled from
the ice block. This equipment is not available in the concrete ice abrasion lab, and the whole
procedure is very laborious and time consuming compared to the amount of ice needed for our
kind of test.
In order to produce ice samples with low porosity in a short period, we combined the
considered methods. The ice samples were produced in our lab out of tap water. The cylindrical
moulds for ice production had thermal insulation on all sides except for the top and were three
times longer than in earlier studies. These conditions initiate the growth of ice from the top to
the bottom direction. Herewith the air migrated to the bottom of the moulds, collected there
and was cut away from the sample. Using this method, we tried to simulate the controlled onedirectional ice growth. A number of POM moulds and EPS insulation parts were made, and as a
result, 22 ice samples of a cylindrical shape with a diameter of 73.4 mm and 180 mm high could
be grown within 72 hours (Figure 1 (c)). The ice density was 917.0 kg/m3, measured by
hydrostatic weighing in kerosene [12] at – 10 °C. The ice porosity was 0.0033% based on X-ray
micro-computed tomography method [13].
To investigate the ice structure, thin sections of ice were cut using a microtome. The average
grain size in horizontal cross-section (approximately 30 mm above the bottom of the ice
cylinder) was measured as an area fraction based on the 2D image of two different thin
sections. This showed that the average 2D size of ice grains was 55 mm2 in one section and 78
mm2 in the other (Figure 1 (c)). More details on ice production method are in [Paper I], on ice
properties are in [Paper II, III].
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(a)

(b)

(c)

Figure 1. (a) Ice sample, grown in the mould in the freezer within 20 hours, that was used in earlier
concrete-ice abrasion study (adapted from [11]); (b) ice sample is grown in FRYSIS tank within 7 days
with controlled freezing rate (adapted from [11]); (c) ice sample grown with thermal insulation within
72 hours. (Each type of ice sample is provided with thin sections both horizontal (circle) and vertical
(rectangle)).

3.4. Concrete samples
This project focused on studying high-performance concrete for realistic offshore
conditions. For this purpose, all of the tested concrete mixes had target workability and
compressive strength similar to offshore concrete. Five concrete mixes were tested: two
Normal Density (ND) concrete mixes with different compressive strength (B75 and B85), frost
durable concrete mix with air entrainment (B705% air), lightweight aggregate (LWA) concrete
with porous coarse aggregate (LB60), and repair mortar (RM). Table 1 shows an overview of
the mixes, their composition and concrete properties. The ND samples were also treated to
produce three different surface topologies: sawn, mould and sand-blasted in order to get
different initial roughness and study the evolution of roughness during the abrasion test.
The experimental program was split into four steps, and different types of concrete surfaces
were tested: 1) – sawn surfaces of B75 B85 and LB60; 2) – sawn, sandblasted and mould
surfaces of B75; 3) – sawn surfaces of B75 and B705% air; and 4) – mould surfaces of B75 and
RM.
The mould was made of stainless steel. The sawn surfaces were made by wet sawing with
a diamond saw blade 2.5 mm thick, and then grinding away visible traces of the saw with the
side of the diamond sawblade afterwards. The sandblasted surfaces were made by dry
sandblasting moulded surfaces of concrete (approximately three months old) with AlSiO4 (1 –
2 mm).
The hardened, air entrained, concrete samples B705% air had 7.2% measured air content.
The specific surface was 28.6 mm-1. The paste to air ratio was 3.69. The Powers spacing factor
was 0.13 mm.
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Table 1. Overview of the mixes surface conditions and material properties
B75

B85

B70
(5%air)

LB60

RM

W/(C+2S)a

0.42

0.38

0.36

0.4

0.48c

Density, kg/m3

2455

2470

2335

1905

2400d

Air content, %

0.9

1

6.8

6.7

3d

Slump measure, mm

200

200

195

195

Slump spread measure, mm

420

435

385

410

Årdal 0-8 mm, vol.%

39

39

38

39

Årdal 8-16 mm, vol.%

39

39

38

Stalite ½", vol.%

16

Stalite ¾", vol.%

17

28 days compressive strength (cube), MPa
Sawn
Mould
Sand-blasted

90.0

100.4

75.9

69.1

•
•
•

•

•

•

> 350d

91.4

•

Uniaxial tensile stress (ft), MPa

5.07b

4.6b

Ultimate strain (ε0t), o/oo

0.21b

0.21b

E-modulus in tension (Et), MPa

28.4b

21.0b

28.1b

E-modulus in compression (Ec), MPa
22.9 b
a where W, C and S are the masses of free water, cement and silica fume powder
b tested at SINTEF [14]
c ratio of water to dry powder [15]
d product information Mapefill N-LH [15]

> 40 d

4. Main results
One of the main results of this PhD project is the development of a new method for
measuring and studying concrete-ice abrasion. The experimental set-up is described in details
in [Paper I], whereas supplementary information, video and photo material showing the details
and operation of the test can be found in the Database (Annex B).
The results of the experimental study of 17 concrete samples are summarized in Table 2,
which shows: label, concrete mix and type of tested surface, average and maximum abrasion
depth after 3 kilometre test, the abrasion rate for each sliding kilometre, initial roughness and
after 3 kilometres of the test, average coefficient of kinetic and static friction during the test
and average pressure of ice in the middle of the sliding path and on the edges.
In general, the wear rate of the tested high-performance concretes is low (Table 2). Moreover,
the abrasion rate is decreasing with sliding duration, and the maximum wear rate was found
during the first kilometre of sliding. Afterwards, it is dropping down. This characteristic
process of wear rate transition from severe to mild is discussed in [Paper II, III].
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Table 2. Overview of the main results.

sample

mix

tested
surface

Av Abr

Max Abr

Abr rate

Abr rate

Abr rate

Ra

Ra

µav

µav

Pav

Pav

After 3 km

After 3 km

1st km

2nd km

3rd km

O km

3 km

kinetic

static

centre

edges

[mm]

[mm]

[mm/km]

[mm/km]

[mm/km]

[mm]

[mm]

[MPa]

[MPa]

S1-21.2.3

B75

sawn

0.09

0.30

0.072

0.006

0.004

0.014

0.040

0.008

0.064

0.93

0.98

S1-31.2.3

B75

sawn

0.18

0.40

0.110

0.018

0.012

0.014

0.056

0.009

0.059

0.95

0.99

S2-12

B85

sawn

0.16

0.29

0.080

0.020

0.012

0.012

0.048

0.013

0.055

0.87

0.85

S2-22

B85

sawn

0.04

0.11

0.035

0.000

0.001

0.014

0.026

0.007

0.065

0.97

0.97

S3-12.3

LB60

sawn

0.35

0.77

0.238

0.031

0.015

0.025

0.083

0.009

0.050

0.88

0.80

S3-22.3

LB60

sawn

0.22

0.62

0.119

0.024

0.019

0.015

0.066

0.012

0.066

0.91

0.91

R0-23

B75

mould

0.06

0.44

0.052

-

0.002

0.009

0.030

0.008

0.048

0.99

1.02

R0-33

B75

mould

0.12

0.23

0.094

0.010

0.002

0.010

0.027

0.007

0.039

0.99

1.02

R1-13

B75

blasted

0.05

0.24

0.041

0.003

0.001

0.031

0.042

0.007

0.085

0.96

1.03

R1-23

B75

blasted

0.09

0.25

0.065

0.009

0.003

0.035

0.043

0.009

0.057

0.97

0.99

RM1

RM

mould

0.02

0.03

0.023

0.000

0.000

0.010

0.010

0.007

0.008

1.05

0.97

RM2

RM

mould

0.01

0.06

0.014

-0.007

0.004

0.009

0.012

0.008

0.031

1.00

1.01

S4-1

B705% air

sawn

0.09

0.19

0.074

0.007

0.008

0.015

0.041

0.008

0.034

0.90

0.97

FTa-2

B705% air

sawn

0.01

0.06

0.012

-0.003

0.003

0.026

0.031

0.005

0.016

0.97

0.98

FTa-3

B705% air

sawn

0.02

0.09

0.014

0.014

-0.016

0.032

0.037

0.007

0.028

1.01

1.00

FTna-2

B75

sawn

0.07

0.28

0.037

0.004

0.030

0.025

0.054

0.005

0.015

0.94

0.99

FTna-3

B75

sawn

0.04

0.08

0.046

0.000

-0.005

0.017

0.024

0.007

0.016

0.92

1.00

1Results

are published in [Paper I]

2Results

are published in [Paper II]

3Results

are published in [Paper III]
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The relation of concrete compressive strength to the wear rate is shown in Figure 2,
separately for each of the considered three kilometres of sliding distance. Although the
concrete-ice abrasion rate has high scatter and values are rather low, there is a trend of lower
abrasion for concrete mixes with higher compressive strength. Since the abrasion rate is
decreasing dramatically during the second and third kilometre of sliding distance, the absolute
value of wear is sometimes lower than the measurement range of the laser and then gives both
positive and negative abrasion rate, so the statistical average becomes close to 0 mm. Figure 3
shows the relation of concrete compressive strength to the average abrasion after 3 kilometres.
Table 3 shows the parameters of linear trends for Figures 2 and 3.

Figure 2. Concrete strength to wear rate relation for each kilometre of sliding distance (the
data are in Table 2, the y-axe cropped to 0 mm)

Figure 3. Concrete strength vs average abrasion after 3 kilometres of sliding distance
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Table 3. Coefficients and norm of residuals for a linear equation of abrasion depth, based on the linear trend of
experimental results of sawn surfaces.
Abrasion rate
1st sliding km

Abrasion rate
Abrasion rate
2nd sliding km
3rd sliding km
𝑨𝒃𝒓 = 𝒂 ∙ 𝒇𝒄 + 𝒃
a
-0.00216
-0.00038
-0.00002
b
0.25825
0.04280
0.00928
R2
0.19
0.03
0.04
𝑓𝑐 – 28 days compressive strength (cube), MPa

Abrasion
after 3 km
-0.00319
0.38415
0.31

The coefficient of friction found to be in the interval 0.007 – 0.085, was distinguished as
static and kinetic and presented in Table 2. The static friction (0.008 – 0.085) was found for the
velocity range of 0 – 0.005 m/s, and the coefficient of kinetic friction (0.007 – 0.013) 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 (≈ 0.16 m/s). The coefficient
of friction was studied in [Paper II]. It was concluded that the coefficient of friction is not
unambiguously related to wear.
It was also concluded that during the concrete-ice abrasion tests the coefficient of friction
was not related to the roughness and friction did not change during the test as roughness
altered. That was discussed in [Paper III], where it was explained that the stable and low value
of the coefficient of friction might be addressed to the existence of a thin lubricative water film
in the contact area. Presumably, the water film was thicker than the roughness which was less
than 0.1 mm.
The initial roughness of the concrete surfaces was not related to the abrasion rate. However,
the roughness parameters evolved differently during surface degradation. The surface
topography generally progressed with increased wear in the ITZ and formation of valleys and
cutting of peaks was interpreted as being caused by the opening of voids (see discussion in
[Paper III]). The surface roughness was increasing and converging, from 0.01 – 0.04 mm up to
0.08 mm. The wear of sawn concrete surfaces was seen as a change in surface topography, with
increasing protrusion of coarse aggregate and detached sharp concrete wear particles (up to
0.25 mm particle size) as observed in [Paper III].
Another interesting feature observed during testing was that the consumption of ice
seemed to vary a lot. This project was aimed to perform concrete-ice abrasion experiments of
different surfaces and materials at identical conditions. However, the appearance of ice
spallation through the ice consumption brought some deviation in test results. During a test of
one single concrete specimen sometimes the consumption of ice samples varied between 10
and 45. This was caused by varying degrees of spallation of ice during the test and increased
abrasion depth and coefficient of friction [Paper II]. Although the reason for spallation may be
connected to the gap width between the concrete surface and the steel-ice holder, it was not
clearly identified. There is a chance that some feature of the machine caused it. It still highlights
the importance of ice spallation during concrete-ice abrasion test. Another source of
uncertainty is connected to scatter in the mechanical properties of ice. Furthermore, the ice
surface in sliding contact with concrete may be irregular due to ice fracture or become flat with
a water film, which affects the wear.
Practical application of wear prediction is essential for the offshore industry. However it is
challenging due to the following reason: the experiments had limited sliding distance, the wear
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rate was not constant, and moreover, there is no guarantee that a stable wear mode is reached.
It is, however, proposed that the results of the present study may contribute to the
development of new, updated methods of wear prediction. The database of experimental
measurement is created for this purpose. The database may be found in Annex B.
Figure 4 shows a comparison of the experimental results with Huovinen’s model [16],
where abrasion of cement paste depends on its strength and ice sliding distance:
3

𝐴𝐵𝑅𝑎 = 𝑓 ∙ 𝑠

(1)

𝑐

In Equation 1 𝐴𝐵𝑅𝑎 is the abrasion depth [mm], 𝑓𝑐 is the compressive strength of concrete
[MPa], and s is the ice sliding distance [km].

Figure 4. Abrasion after 3 km, comparison with the abrasion of cement paste by Huovinen
[16].
The poor correlation between strength and wear in Table 3 is presumably mainly due to
the very low abrasion values for all concrete qualities in Table 2 making abrasion a weaker
function of strength compared to the lower quality concrete investigated by Huovinen. Also,
the severe-mild transition could have affected the correlation. The weak function of strength is
presumably the reason for the deviation between the present results and Huovinens empirical
model as shown in Figure 4. The main result of this work remains that the kind of highperformance concretes investigated here have very high ice-abrasion resistance.

5. Conclusion
1. An improved concrete-ice abrasion experimental method gave an opportunity for
simultaneous measurements of various parameters during the test: normal force,
sliding force, the position of ice sample, time, ice consumption, surface topography, wear
of particles. The increased accuracy of the abrasion machine made it possible to
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measure the development of the coefficient of friction. Using the new method of
measuring abrasion allowed to study surface parameters on the concrete surface at
different stages of the experiment.
2. Ice consumption during the concrete-ice abrasion testing is a variable parameter
associated with the much greater scatter in ice fracture properties than in concrete
fracture properties. Therefore we distinguished two sliding interactions between the
concrete surface and the ice: sliding (low ice consumption and thin water film on the
concrete surface) and sliding-spallation (high ice consumption and appearance of ice
fragments in the contact zone). Increased ice consumption due to ice spallation and
pulverisation during the test increases the concrete ice abrasion and increases the
coefficient of friction for a relatively short period.
3. It was found that the coefficient of friction was not correlated to the abrasion.
Presumably, the stable and low value of the coefficient of friction can be explained by a
thin water film in the contact area, which works as a lubricant. The lubricant can support
the load if the thickness of the water film is greater than the surface roughness.
However, the coefficient of friction is higher during ice spallation and pulverisation due
to the rough surface of the ice.
4. The study of concrete-ice abrasion for different concrete surfaces showed that it could
be primarily depicted as a process of valley formation. The valleys originate from air
voids opening and cutting off the peaks. The roughness of concrete surfaces increases
and convergences, from 0.01 – 0.04 mm up to 0.08 mm, the roughness skewness
decreases.
5. Protrusion of both lightweight and normal density aggregate was observed. This
happens presumably due to microscale abrasion starting in the ITZ. The abrasion rate
of lightweight aggregate is greater than that of normal-weight aggregate.

6. Further research
High-pressure zones & contact area
This study showed a variation of the roughness of contacting surfaces during the test.
However, the quantification and measurements of both high-pressure zones and contact area
was limited. This limitation can be broken making use of numerical simulations, which could
provide information on the magnitude of the contact pressure and the tensile stress within the
ice-concrete contact zone or tactile sensors during the test.
A long-term effect of concrete-ice abrasion
The tests were limited with respect to the sliding distance, which has never been above 3
km. However, the protrusion of coarse aggregates was observed on a sawn concrete surface for
both granite and lightweight aggregate. Although current research demonstrated the decrease
of abrasion rate, the experiment with longer sliding distance could be significant.
Ice confinement
The simulation of confinement of ice sample like in ice floes in the field can affect ice
fracture and load transmission. This confinement is conflicting with the motion of ice through
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our ice sample holder for an accumulation of target sliding distance. An alternative solution
which would simultaneously incorporate both features could be useful for concrete-ice
abrasion test and reflect the brittle nature of ice in more realistic conditions.
Characterisation of abrasion at different scales
The measured abrasion depth was of the micro-scale order. However, it could be interesting
to look down to nanoscale at interfacial transition zone (ITZ) where protrusion of coarse
aggregates is found. The investigation of cracks on the concrete surface and visual onset of
wear with high-resolution examination can be useful. In order to accelerate the protrusion
effect the concrete surface with washed out cement paste can be tested.
From physical understanding towards explanatory modelling
The explanatory modelling could bring the justification of quantification of real versus
apparent contact areas related to high-pressure zones. The experimental conditions can be
used as a starting point. However, the underlying assumption of the load transmission through
the ice at the scale of mm and μm together with the quantification of the compressive strength
of ice at the scale of mm are needed.
Thermophysics of the contact zone
The mechanical properties of the ice are dependent on the temperature profile over the
contact zone during the experiments. Moreover, the meltdown of the ice in the contact zone
can be caused by high pressure and a sufficient amount of heat released in the contact zone due
to frictional dissipation of mechanical energy. This has not been considered and quantified in
the present study, while this phenomenon may have an important influence on the process
kinetics.
The preliminary study of this question was performed at the end of the project. Here,
making use of IR FLIR camera, it was found that the concrete surface was cooled down by the
ice sample during the experiment.
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ABSTRACT
The concrete-ice abrasion process is a surface degradation mechanism due to ice-structure
interaction. The ice drift can cause wear rates on high quality concrete that can be in the order
of 0.1 – 1 mm per year. The topic is especially relevant for concrete gravity-based structures
in the Arctic offshore. So far, experiments have been the main evaluation method for concrete
durability under ice abrasion. This paper presents concrete-ice abrasion experiments between
the surface of sawn concrete (28 days cubic compressive strength 90 MPa) and fresh-water
ice. Based on our results (ice pressure, ice consumption rate, coefficient of friction, abrasion
depth) and visual observations, we identified two types of interaction between the concrete
surface and the sliding ice specimen: sliding and sliding with spallation of ice. The results
show both higher abrasion and higher friction during sliding-spallation, than during sliding,
under otherwise identical experimental conditions. The increased damage with ice spallation
indicates that the damage mechanisms could be some form of three-body wear.
Key words: Concrete, ice, abrasion, experiments.

1.

INTRODUCTION

The concrete-ice abrasion process has been studied for the last 30 years, and has been defined
as the surface degradation of concrete structures due to interaction with drifting ice floes.
Several research groups have studied this topic through laboratory experiments [1-6] and
field observations [1, 7]. A recent review [8] has proposed mechanisms, which can contribute
to damage of concrete due to sliding ice: high concrete tensile stress from ice asperity sliding
contact, water pressed into cracks on wet ice-collision, three-body wear and fatigue from
repeated asperity contacts.
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The collision of an ice floe with a circular concrete column causes various behaviour of ice
around the column, such as crushing, transition region between crushing and sliding, and
sliding (Figure 1). Region 1 is characterized by the frontal collision of the ice floe against the
structure. The ice imposes high normal stresses on the concrete surface [8], and ice crushing
takes place when the stresses reach a limit along the contact area [9]. A series of indentation
tests [10-12] have been made on this interaction.
The crushing of the ice was found to be the dominant failure mechanism when the
indentation speed was high and the ratio of structure width to ice thickness was low. Region 2
is the transition region between Regions 1 and 3. Here normal loading decreases and
tangential loading increases [8]. Crushed fragments of the ice floe get locked in the
interaction zone. The ice floe drives them along the concrete structure. Some subsequent
local crushing of fragments can take place. Region 3 is the sliding zone [6, 8, 13], where the
ice floe slides along both sides of the concrete column.

Figure 1 – Schematic of interaction of ice floe with concrete structure (top view). Region 1 –
crushing; Region 2 – transition region; Region 3 – sliding.
Laboratory examinations in Canada [6] simulated all these types of interaction between a
conical ice sample and a concrete sample to facilitate analysis of the abrasion process. The
authors concluded that Region 1 experienced the highest level of concrete-ice abrasion. A
potential critical parameter during this test is the conical shape of the ice sample. The cone tip
is possibly destroyed in the beginning of a test after a limited sliding distance and may
hamper interpretations accordingly.
Field observation studies on bridge piers in Hokkaido, Hara et al. [14], claim that ice
interaction with concrete in Regions 1 and 2 causes more abrasion than in Region 3. Møen et
al. [15] measured the abrasion depth on the Raahe lighthouse (the Gulf of Bothnia) in-situ,
with known annual ice drifting data. The authors reported that the abrasion rate was highest
in Region 3. The differences in the conclusions based on field observations is remarkable.
Two issues are worth mentioning and might possibly explain the differences. Firstly, the
bridge pier [14] has a semi-circular cross section, whereas the lighthouse has a circular cross
section. Secondly, the ice drift direction is much easier to detect for rivers, than for a sea.
The different opinions on concrete-ice abrasion origin and unknown mechanics behind the
degradation process requires that this topic should be investigated further. The present paper
describes a laboratory method of a concrete-ice abrasion study. An evaluation of various
methods of testing concrete-ice abrasion resistance [16] recommends the sliding abrasion test
as the most appropriate in terms of assessing abrasion caused by ice floe movements. The
sliding abrasion test fulfils the required conditions; the most critical are ability to vary the
contact pressure and action of both kinetic and static coefficient of friction alternatively. And,
so far, most experimental work has been based on the sliding interaction between ice and
concrete, either ice on concrete [4, 5, 17] or concrete on ice [2, 6, 18, 19].
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Our laboratory method was based on the sliding of an ice sample along a fixed concrete
sample. It is hence a friction test with a constant normal loading as the only load. It is
intended for studying concrete-ice abrasion as a standalone deterioration mechanism that can
occur without any other deteriorating mechanism (such as freeze/thaw, chemical attack,
corrosion of reinforcement, etc.). The scope of this paper is to present our experimental
system and to simulate sliding between fresh water ice and a sawn concrete surface.
Furthermore we demonstrate that the setup that slides ice on concrete gives opportunities to
test various sliding: sliding and sliding with ice spallation.

2.

EXPERIMENTS

The experimental study included simulation of concrete-ice abrasion followed by
measurement of abrasion depth. The abrasion machine simulated concrete-ice abrasion with
an ice specimen sliding along a fixed concrete sample. The concrete abrasion was measured
using a laser scanner. The experimental equipment, materials tested, and the experimental
set-up are described below.

2.1.

Abrasion Machine

The abrasion machine is a modified shaping machine (Figure 2(a)). It has been used for
concrete-ice abrasion testing since 2008. The machine was recently renovated in
collaboration with the mechanical and electronics workshops at the Department of Structural
Engineering, NTNU. The setup is now able to control the sliding distance, velocity, vertical
loading, horizontal and vertical load responses, room temperature, and concrete surface
temperature. The components of the abrasion machine are described below.
Mechanical parts
The machine makes the ice sample holder move in repeated sliding movements in a
horizontal direction. The horizontal stroke length of the machine is constant and equals 200
mm. An electronic motor control regulates the velocity of the stroke. Figure 3 (b) is a position
plot showing the sinusoidal motion and velocity of an ice sample. The velocity is derived
from position and time. The average velocity in this experiment was 0.16 m/s.
The engine on the top (Figure 2(a)) drives a vertical piston, which continuously pushes the
ice sample against the concrete surface with a constant load. The piston and machine stop
automatically when the desired consumption level of ice is reached at 110 mm.
The concrete sample is positioned on a linear sliding system and fixed with a pre-stressing
screw on one side (on the right in Figure 2(b)) and a horizontal load cell on the other (on the
left in Figure 2(b)). The linear ball bearing sliding system has a very low coefficient of
friction (μ=0.0015-0.005). Two vertical load cells under the sliding bearing system measure
the vertical load response.
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(a)
(b)
Figure 2 – The concrete-ice abrasion machine photographs: (a) side view; (b) close view of
parts.

(a)
(b)
Figure 3 – (a) Simplified principle of concrete ice abrasion test; (b) Position plot showing
sinusoidal motion and velocity of ice (average velocity is 0.16 m/s).
Cooling and heating
The temperature in the concrete-ice abrasion lab is kept at a constant temperature of −10 °C.
The cooling system is installed in the roof of the lab and generates cold air. The control unit
maintains the target temperature.
Møen et al. [5] reported the importance of an ice-free surface of the concrete sample during
the test, since icing on concrete surface prevents concrete degradation due to interaction with
ice. So we prevented the freezing of concrete sample surface by heating it up from the
bottom. The concrete specimen temperature control goes through an aluminium heating plate
that is attached to the sliding bearing system below the sample (Figure 2(b) no.4). The plate
has a channel inside, connected to a controlled temperature liquid (alcohol) circulator. The
temperature of the concrete surface in the concrete-ice abrasion zone, before the test, was
adjusted to +2°C (measured with an infrared thermometer). A supplementary numerical
analysis of temperature distribution within concrete was conducted solving the heat transfer
equation (Fourier`s law) in STAR-CCM+. The thermal properties of the concrete and the
effective heat transfer coefficient were set equivalent to those provided in [5]. The numerical
solution returns +2.8°C as the steady-state temperature at the point where the experimental
measurement was done; hence the numerical results are within the interval of instrumental
uncertainty.
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Feedback system, load control
There is a feedback and logging system, programmed with National Instruments LabVIEW
with hardware interface. This system enables control of the vertical and horizontal load with
response logging up to 500 Hz, previously the rig had a much lower logging frequency of 10
Hz.
The feedback system records the fluctuation of loading during ice movement back and forth,
and maintains the target ice pressure. A horizontal screw (Figure 2(b) no. 8) fixes the
concrete sample against a horizontal load cell. The pre-stressing value is 4200 N, which
keeps the sample fixed in a horizontal direction during the test.
Data acquisition
The concrete-ice abrasion rig is operated with software specially developed and written at the
Department of Structural Engineering, NTNU. The output is two text files. The first includes
friction parameters (time, position, horizontal and vertical load responses) logged at 500 Hz,
and the second file logs the total sliding distance, vertical position of the piston, number of
cycles, and temperature at 0.17 Hz frequency.

2.2.

Laser Scanner

A review of the literature shows a variety of equipment used for concrete surface
examination, including a digital indicator [2, 5], an optical microscope [4], a structural light
scanner [20], a calliper and surface roughness measurement device (up to 160 µm) [21]. The
digital indicator and calliper have to be adjusted manually for each measuring point, which
decreases the accuracy of measurement even though the accuracy of the device itself is high.
Moreover, it is hard to get a sufficient number of measuring points in a reasonable period of
time. The classical optical microscopy technique allows observation of the surface, but gives
no quantitative characteristics. In contrast, a structured light scanner gives a fine triangular
mesh in a few seconds, but depends on surface colour and cannot detect black aggregates or
dark shadows inside air voids.
Based on the literature review and experiences with structured light scanning [22], we
decided to build a non-contact Laser Scanning device, which allowed us to scan the concrete
surface with an accuracy of 10 µm in a reasonable time independent from the surface colour.
The components of the laser scanner are listed and described below.
Linear Motion System
The measuring equipment is based on a laser that is fixed on a linear motion system (Figure
4(a)). The laser moves continuously along the sample according predefined “snaking” path.
The control panel determines the dimensions of the measuring area, the velocity of the laser
in the Y direction (Figure 4(b)), and the step size in the X direction (Figure 4(b)). To achieve
measurements in a coordinate system for the continuous movement, the laser velocity and
logging frequency were adjusted and synchronized. To complete the measurements in a
reasonable time, the following parameters were chosen: the measuring point distance is
approximately 50 µm in the Y direction, and the step size in the X direction is 1mm (Figure
4(b)). The movement speed of the laser sensor was set to 10 mm/sec.
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The measuring area exceeds the sample surface to ignore the acceleration and deceleration
region of the laser at its turning points.

(a)
(b)
Figure 4 – Laser scanner: (a) photo; (b) simplified schematic of measurement process (not to
scale).
Laser
The measuring part of the equipment is a micro laser distance sensor. The repeatability is 10
µm, the measuring centre distance is 30 mm, and the measurement range is ±5 mm from
there. The laser beam diameter is approximately 50 µm. The response speed of the laser was
set to 5 ms (200 Hz) to synchronize the laser with the motion system and the computer
logging frequency.
Data control and acquisition
Data are logged to the computer using laboratory software at a logging frequency of 200 Hz.
The measurement output comprises the surface heights in the Z direction, along the scanning
path.
The measurements made outside the surface sample (Figure 4(b)) are ignored. The rest of the
data is transformed to a matrix of surface heights, with dimensions of 1900x300 points.

2.3.

Ice

Our abrasion machine is designed for fresh-water cylindrical ice samples. This simplification,
from sea-water ice to fresh-water ice, was made for two reasons. Firstly, sea-water ice has
complicated mechanical properties and can involve extra parameters to the main physical
mechanism. Secondly, fresh-water ice increases the service life of the machine. And thirdly
fresh ice samples have been used in several earlier studies with sliding tests [4-6]. The freshwater ice quality in these studies include frozen tap water [5], artificially grown
polycrystalline and anisotropic ice [6], and artificially grown columnar ice [4].We used a
simplified method to grow ice unidirectionally from tap water.
The ice samples for the test have a cylindrical shape with a diameter of 73.4 mm and 160 mm
high. An ice mould made of polyoxymethylene (POM) 13.3 mm thick and 370 mm high
(Figure 5(a)) and covered with thermo-insulation on the sides and the bottom is filled with
tap water and put in a freezer at −20 °C for 48-72 hours. The freezing of the water starts at
the top of the mould progressing downwards, but later it also takes place from the bottom
(Figure 5(b)). Therefore, the top part of the ice-sample is frozen unidirectionally whereas the
bottom part contains unfrozen water and results in a more porous ice with air voids. The
upper part of the ice sample (160 mm) was hence unidirectionally grown ice without visible
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air voids and was used for the test (Figure 5(c)). The test ice samples are cured in plastic bags
before the test to avoid sublimation.

(a)
(b)
(c)
Figure 5 – (a) Schematic of ice production; (b) ice sample after 48 hours; (c) ice sample for
the test.

2.4.

Concrete

The tests were carried out with a concrete sample made of Norcem Anlegg (CEM I) cement
(with 2% Elkem silica fume substitution) and mixed natural and crushed granitic aggregate
fromÅrdal (sand, 0-8 mm and coarse 8 – 16 mm grain size). The mix was made using the
following proportions: W/(C+2S)=0.42, where W, C and S are the weight of water, cement
and silica fume powder, respectively. The cement paste volume fraction was 29.5%.
Superplasticizing additive Dynamon SX-23 from Mapei was used to achieve the target
workability.
The fresh concrete properties were determined in accordance with EN 12350 [23], part 2
(slump measure), part 6 (density) and part 7 (air content), approximately 10 min after water
addition. The slump spread was measured as the diameter of the collapsed slump cone. The
results are given in Table 1.
The compressive strength of the concrete was 90 MPa (measured on 3 parallel cube samples
at 28 days). The samples were classified as B75 according to NS-EN 206:2013+NA:2014
[24]. Samples for the concrete-ice abrasion testing were sawn and cured in water at +20°C for
11 months before the experiments. Some calcium leaching presumably took place in this
period, though similar for all specimens and it could also reflect some kind of field leaching.
The development of the concrete compressive strength over the curing time is plotted in
Figure 6.
The concrete sample used for the concrete-ice abrasion test was a miniature slab measuring
100x310 mm and 50 mm high (Figure 3(a)).
Table 1 –Fresh concrete properties of tested mix
Density, kg/m3
Air content, %
Slump measure, mm

2455
0.9
200

Slump spread measure, mm

420
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Figure 6 – The development of concrete compressive strength over curing time.

2.5.

Abrasion test set-up

The main variables in sliding concrete-ice abrasion testing are usually ice pressure, sliding
velocity, temperature, ice and concrete properties. The ice pressure and concrete strength are
normally viewed as the most significant parameters, which cause increasing abrasion depth at
increased pressure and reduced strength in line with Archard’s law and tribology [25, 26]. In
earlier studies, ice pressure varied from 0.05 MPa [4] to 3 MPa [2, 19]. The temperature of
the ice can give different results. Most researchers report an increasing ice abrasion rate with
decreasing ice temperature [19, 27], but not Bekker et al. [28]. Jacobsen et al. [8] suggest that
high sliding velocity (10 times higher than in other tests) might have caused the difference.
Studies of the effect of ice temperature on the coefficient of friction (COF) concluded that the
COF increases with decreasing temperature in sea ice [17] and fresh ice [5].
This research presents two different experimental conditions: concrete-ice abrasion sliding
test and concrete-ice abrasion sliding test with ice spallation. In order to simulate these two
different types of sliding we varied the thickness of the concrete sample (Figure 7), all other
parameters were constant. The ice pressure (average pressure on apparent contact zone) was 1
MPa, as the most appropriate for our laboratory equipment. The temperature effect was
outside of the scope of this research, thus the temperature during the test was constantly −
10°C.
All samples were from one concrete mix. As mentioned above, these experiments studied
abrasion on a sawn concrete surface, as recommended in literature [3], where three different
phases are presented: cement paste (with air voids), interfacial transition zone (ITZ), and
aggregates.

(a)
(b)
Figure 7 – Abrasion test set-up: (a) concrete-ice abrasion sliding test; (b) concrete-ice
abrasion sliding test with ice spallation. (Also see Figure 10)
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3.

RESULTS AND DISCUSSION

The results include typical examples of vertical and horizontal load cell responses, various ice
consumption, calculated coefficient of friction, and abrasion measurements.

3.1.

Vertical load response

Figure 8 shows the vertical load cell response with the position of the ice specimen for both
sliding and sliding-spallation. The plots represent the accumulated data from 1km of effective
sliding distance. Figure 8 reveals a limited asymmetry of the machine. The ice pressure varies
with the position of ice specimen and is on average higher on the right hand side, though the
distribution functions seem fairly narrow and symmetric and with peak value very close to
1.0 MPa.
Figure 8(b) shows higher scatter of data with an occasionally decreasing ice pressure, that
was caused by ice spallation during the test. The plotted frequency distributions of the ice
pressure demonstrate that 96.7% of data are in range of 0.9 – 1.1 MPa. The distribution
functions are only a bit less symmetric, though somewhat broader with spallation than with
sliding, and still with peak value very close to 1.0 MPa.
Figure 9 shows a few typical time series with variations in vertical load cell response and
corresponding ice consumption during sliding-spallation test over 2000 seconds. The time
series in these experiments is limited by the consumption of the ice specimen. Figure 9 (a)
shows a gradual spallation of the ice sample during the test where the ice pressure remained
constant during the test. The corresponding ice consumption (Figure 9 (a) right) shows a
gradual decrease of the ice specimen length. Ice fragments were observed on the concrete
surface during the test. Figure 9 (b) shows that the time series is shorter with two sharp
decreases in loading and a corresponding high consumption of ice in the same period of time.
The sharp decrease in loading we call “pulverization”, because at this moment during the test
we observed the rapid appearance of small ice fragments in the interaction zone (Figure
10(b)). The ice pressure recovered directly afterwards, with the piston pushing the ice sample
against the concrete surface. The ice fragments that could not withstand the load were
extruded away from the ice sample holder.

(a)
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(b)
Figure 8 – The vertical load cells’ response with the position of the ice specimen, and
frequency distribution of ice pressure at position-0: (a) sliding test, (b) sliding test with ice
spallation. The data were logged at 500Hz during app. 5 hours of sliding tests (1km of
effective sliding distance).

Figure 9 – Typical time series of the vertical load cell response and corresponding ice
consumption, during sliding test with ice spallation: a) gradual spallation b) spallation with
pulverisation.
Figure 10 shows the difference between two types of sliding during the test. Where thin film
of water on the concrete surface can be observed during sliding test (Figure 10 (a)), and ice
fragments and ice slush during sliding-spallation (Figure 10 (b)).

(a)
(b)
Figure 10 – Photos of concrete surface during two types of test: (a) sliding; (b) slidingspallation.
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3.2.

Horizontal load response

The type of experimental conditions, sliding and sliding with ice spallation, did not effect on
the horizontal load cell response. Figure 11 shows typical time series of the horizontal load
cell response. The measurements show a descending trend at the beginning of each test series.
The horizontal response of the pre-stressed sample (without ice sliding) shows the same
trend. This trend is addressed to the stress relaxation of the pre-stressing screw (Figure 2(b)
no.8). The trend was removed using a Savitzky-Golay FIR (finite impulse response)
smoothing filter with a linear polynom. The time series was divided into three time intervals.
The first time interval is characterized by the beginning of sliding; it lasts for approximately
90 seconds and shows an unstable horizontal response. The second interval is characterized
by the stabilization of the horizontal response. The third interval shows a stabilized horizontal
response. Hence the horizontal load is considered stable.

Figure 11 – Typical time series of the horizontal load cell response.

3.3.

Ice consumption

Figure 12 shows the typical ice consumption for two experimental conditions per km of
effective sliding distance. The apparent sliding distance is 200 mm per half-cycle, but the
effective sliding distance is limited by the diameter of the ice sample (73.4 mm), due to the
cylindrical shape of the ice samples. This means that 1 km of effective sliding distance
(sliding felt on a point on the concrete surface) can be achieved through 2.7 km of apparent
sliding distance of the ice specimen (see insert in Figure 12). Figure 12 shows that there are
large differences in ice consumption between the different between two experimental
conditions. From tribology [29] we know that both quality and consumption of mating
material (ice) can be of importance.
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Figure 12 – Box plot of ice consumption per km of effective sliding distance (see insert), for
two types of sliding. Information in brackets shows ice samples consumption.
Figure 13 shows the difference between the ice samples after the concrete-ice abrasion
sliding test with the formation of a flat ice top after contact with the concrete (a), and after
sliding-spallation with the fragments of ice removed (b). In case of a sliding test, the ice
sample is always flat and smooth in the contact with concrete. However, in a slidingspallation test, ice fragments were constantly removed from the contact zone and the ice
sample had irregular shape in the contact zone with concrete. Since factors like roughness
(like the number and shape of asperities) and the contact area are important parameters in
wear, we registered these features and will analyse and discuss their significance in more
detail further below and in later parts of this work.

(a)
(b)
Figure 13 – Ice samples after concrete-ice abrasion test: a) sliding; b) sliding-spallation. The
concrete was in contact with the top surface (i.e. the ice is upside-down on the photos).
Since the highest consumption of the ice corresponded to sliding-spallation test, the ice
specimen was observed after 5 minutes of the sliding test (Figure 14). Compared to the crack
free sample in Figure 5 it is possible to see that macro cracks propagated through the sample,
while there were micro cracks close to the contact zone. The sharp edges in the contact zone
show where ice fragments were pulled out.
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Figure 14 – Ice sample after 5 minutes of sliding-spallation test. The concrete was in contact
with the top surface (i.e. the ice is upside-down on the photos).
3.4.

Coefficient of friction

The coefficient of friction for two types of sliding is plotted in Figure 15 together with the
sinusoidal movement of the ice specimen back and forth on the concrete surface. Comparing
the COF plot with the position plot shows that at the turning points of the ice specimen where
there is a full stop, the COF is higher. We can hence distinguish the coefficient of kinetic
friction during sliding interaction, and the coefficient of static friction at turning points. The
coefficient of kinetic friction varied in a range from 0 to 0.04, whereas the coefficient of
static friction varied from 0.075 to 0.125. Figure 15 shows that sliding resulted in the smallest
COF and sliding-spallation the highest COF. These data demonstrate the influence of
experimental conditions on value of coefficient of static and kinetic friction. The increased
friction during the spallation exposure will be later addressed to higher abrasion of concrete
(Section 3.5).

Figure 15 – Coefficient of friction for two types of sliding and the corresponding ice pressure
distributions on the position plot.
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Figure 16 shows the distribution of the signed COF and the ice velocity depending on the
position of the ice specimen during sliding-spallation test. The negative sign of the COF
indicates the negative horizontal response when sliding backward. The results demonstrate
the effect of the sinusoidal ice motion (as described in section 2.1) on the coefficient of
friction. The central part of the concrete sample is subjected to kinetic friction, and the right
and left sides are more linked to the static coefficient of friction.

Figure 16 – Signed COF and ice velocity with the position of the ice specimen during slidingspallation test.

3.5.

Concrete-ice abrasion

Figure 17 shows the concrete surface before and after the three-kilometre of concrete-ice
abrasion test under sliding-spallation condition. The aggregates protruded visibly during the
test. This observation is important, since it indicates that the “classical” protruding aggregate
concrete-ice abrasion model by Huovinen [1] also appears to hold for our test with a high
strength concrete (HSC) and with sawn surfaces.

(a)
(b)
Figure 17 – Sawn concrete surface: (a) before concrete-ice abrasion test, (b) after 3 km of
effective sliding distance (sliding-spallation test). Top view (top row) and perspective view
(bottom).
Based on the surface measurements, abrasion was found as difference between the unabraded
zone on the edges of the concrete sample and an abraded central band of 10 mm wide, same
method as used with the mechanical measurements in [5]. However, a much higher number
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of data points was collected with the laser scanner, so the calculation here was done for each
millimeter of concrete sample length. Figure 18 (a) shows the average profile of the abraded
central band (10 mm wide) along the sample length, shed and solid lines shows the abrasion.
Figure 18 (b) shows average abrasion of the central band (between length positions 87 mm
and 163 mm) with effective sliding distance. The results were compared with previous
research [5], gray lines in Figure 18 (b) based on average abrasion rate reported in [5].
Beside the wear rate, the roughness of the concrete surface and along profiles is in the focus
of our interest and being investigated in further work. Figure 18 also points out a scatter
between individual samples.

(a)

(b)
Figure 18 – (a) Average profiles, of the central abraded band (10 mm wide, between position
87 and 163), of sawn concrete surface along the sample length before and after 1 km
abrasion test; (b) average abrasion of the central band with effective sliding distance.

3.6.

Abrasion, friction, previous HSC tests, ice cracking and sliding vs spallation

The COFs measured are of the same magnitude as the test results of other concrete-ice
abrasion tests with the same sliding speed (0.16 m/s): 0.00 – 0.01 and 0.06 respectively [5,
19]. Whereas Itoh et al. [19] had an ice pressure 0.2 MPa, which is five times smaller than in
our test. Comparison of our results with other research [30] in which the sliding speed was
lower (in the range from 1.67 10-6 to 1.67 10-4 m/s) shows that our measurements of friction
are lower. This is in line with earlier findings of decreasing COF with increasing velocity
[31].
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The abrasion depth results for sliding test were similar to those of Møen et al. [5], where
concrete samples with cylindrical compressive strength 72.8 and 85.9 MPa under similar
experimental conditions had an average abrasion rate of 0.018 and 0.004 mm/km of ice
sliding (respectively). On the other hand, sliding-spallation shows an average abrasion rate
0.045 mm/km. The results for two parallel samples (1) and (2) have a large spread. However,
comparing Figures 12 and 18(b), shows that although the results from the two parallel
samples are scattered, there is a relation between ice consumption and abrasion of concrete.
Concrete-ice abrasion is higher for higher ice consumption.
Based on our results and observations we distinguished two types of sliding: sliding and
sliding-spallation. The first type, corresponds to abrasion set-up on Figure 7(a). As mentioned
earlier, the heating plate heated the concrete sample from the bottom. It gave a temperature at
the concrete sample surface of +2°C at the start of the test. During sliding interaction with
ice, the concrete surface was cooled down, and its temperature fluctuated between −1.8 and
−2.6 °C. After less than approx. one hundred cycles of ice movement, the ice samples had
many cracks close to the contact zone. These cracks caused ice degradation during further
sliding. Broken-off ice fragments started to deposit on the edge of the ice sample holder (see
Figure 13(a)). There was a constant thin film of water on the concrete surface with minor
icing spots during the test.
The second type of concrete-ice abrasion sliding test is sliding with ice spallation (Figure
7(b)). The concrete surface temperature was identical to the sliding case. The critical
parameter causing the transition from sliding to sliding-spallation was the height of the
concrete sample (or i.e. the gap between the ice sample holder and the concrete surface). As
mentioned above, ice became stuck between the ice sample holder and the concrete surface
during sliding test, whereas during the sliding-spallation test, as soon as the coalescence of
cracks caused ice degradation, the fragments of ice escaped from the contact zone through the
gap.
The sliding-spallation had a particular case, when the amount of micro cracking in the ice
sample reached some limit and caused the rapid pulverization of ice (Figure 9(b)). The
extrusion of pulverized ice took only a few seconds before loading was recovered. Rapid
pulverization was observed to occur randomly for some ice samples during the tests.
An effect of the width of the gap between the ice sample holder and the concrete surface was
found in tests with identical temperature, loading, and ice and concrete quality parameters.
Tests where the gap width was 8 mm resulted in sliding-spallation type, while tests with a
gap width smaller than 5 mm resulted in sliding. The sliding-spallation test caused more
abrasion than the sliding type at the same ice pressure. The sliding-spallation produced more
ice debris as seen from the increased ice consumption rate and large amount of ice slush
debris (Figure 10(b)). This highlights, that sharp ice fragments play an important role in
concrete-ice abrasion, and hence it will be of importance to look closer at concrete surface
roughness, shape and size of ice- and concrete wear debris. Size of concrete wear debris
should be compared to the depth of simulated surface cracks [32] to improve our
understanding of concrete ice abrasion mechanisms.
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4.

CONCLUSIONS

We distinguished two sliding interactions between the concrete surface and ice during
concrete-ice abrasion laboratory experiments: sliding and sliding-spallation. Our
experimental concrete-ice abrasion set-up enables to simulate them through the variation of
concrete sample height, thus varying the open height of ice in the gap between the ice sample
holder and the concrete surface.
The results show higher abrasion and higher friction during sliding-spallation tests, than
during sliding, under otherwise identical experimental conditions. We therefore believe that
the sliding-spallation test highlights an important aspect of concrete-ice abrasion; that sharp
ice fragments play an important role when ice is wearing on the concrete surface.
Further research of concrete-ice abrasion at our laboratory will include:
 investigation of different types of concrete, including light weight concrete and repair
mortar;
 investigation of sliding and impact effect on concrete-ice abrasion depth;
 studying of initial concrete surface topography on resulting concrete-ice abrasion;
 studying of concrete-ice abrasion in combination with frost deterioration on air and
non-air entrained samples.
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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 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 30,000–100,000 times that of concrete despite of its
strength and stiﬀness 1–10 times lower than that of concrete.

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.
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, concreteice 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 microcrack 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 concreteice 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 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.

Table 1
Concrete properties of tested mixes.

a

W/(C+2S)
Density, kg/m3
Air content, %
Slump measure, mm
Slump spread measure, mm
28 days compressive strength (cube), MPa
a

B75

B85

LB60

0.42
2455
0.9
200
420
90.0

0.38
2470
1.0
200
435
100.4

0.40
1905
6.7
195
410
69.1

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

Fig. 1. The concrete compressive strength development curve.

2.2. Ice
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 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. 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 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 NSEN 206:2013 +NA:2014 [16]. The results are given in Table 1.
The concrete samples used for the concrete-ic1e abrasion test were
miniature slabs measuring 100 × 310 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.

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
2
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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
1900 × 300 points. More details on the laser scanner are given in [11].
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
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.
Fig. 2. The concrete-ice abrasion machine.

3.1. Concrete-ice abrasion

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 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

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].

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.
3
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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 km 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.
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].

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 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.

3.3. 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

3.2. Concrete-ice abrasion vs. ice consumption
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) 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.
4
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Fig. 5. Frequency distribution of the ice consumption during the test (using 120 bins of size 100 mm/km).

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.
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 ice pressure, the velocity, and the coeﬃcient of friction between the ice and
concrete.

Fig. 7. The ice pressure in Cases 1 and 2 with diﬀering ice consumption.

Case 1 and 193 mm for Case 2. In Case 1, the ice sample was consumed
in approx. 600 s, whereas in Case 2, the ice sample was consumed in
approx. 2700 s.
The variation of the ice pressure is contradictive to the fact that the
loading during the test was constant. Fig. 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
pulverization 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
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

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

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

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
pulverization of ice during sliding tests produces ice fragments of

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

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.
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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.
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 stableload 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.

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.

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 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 pulverization 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).

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

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).
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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).

main concentration of events is around the target load 1 MPa. 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.
3.5. Abrasion rates in diﬀerent areas on the concrete surface
Fig. 12 shows the abrasion rates for three diﬀerent areas of the
central band of the concrete surface: the left-hand, central and righthand 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 righthand 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. 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:

3.6. The abrasion rate vs. the coeﬃcient of friction

• The abrasion of high performance concrete after 3 km of eﬀective
sliding distance is low (in the order of 0.1 mm).
• 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

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)
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.

•
•
•
•

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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Abstract

21
22

Topography studies of concrete-ice abrasion were made to proceed in our

23

understanding of the mechanisms of concrete wear by ice on Arctic offshore structures.

24

The effects on various initial surfaces of a B75 normal-weight concrete (smooth, rough,

25

sawn) and on the sawn surface of a LB60 lightweight concrete were studied during

26

concrete-ice abrasion experiments. The degradation of a concrete surface appears mainly

27

as valley formation resulting from air voids opening, or aggregate protrusion and cutting
1

28

of peaks. The various initial roughness conditions were found to lead to an evolution with

29

both increasing (at both meso- and microscale) and converging roughness. Protrusions

30

from both lightweight and normal-weight aggregates were observed on sawn surfaces.

31

Greater abrasion is seen on lightweight concrete and its initial roughness was much

32

affected by the porous aggregate. Finally, we observed sharp wear particles of concrete

33

(< 0.25 mm) that were small compared to the ice fragments (> 2 mm), both presumably

34

reflecting the brittle fracture and high asperity of ice.

35
36

Key words: Abrasion, concrete, ice, lightweight aggregate, roughness, topography.

37
38

1. Introduction

39
40

Ice is known as an abrasive material in many fields. There are some examples of the

41

useful application of this feature of dry ice as an environmentally friendly cleaner of

42

aeroplane engines [1] and in food production [2]. However, there are more examples of

43

negative abrasive effects, such as the erosion of coasts by glaciers or fast ice [3], the wear

44

of winter sport equipment [4], risks for vessels operating in ice-covered seas [5], and

45

damage to concrete structures (lighthouses, bridge piles, and gravity-based structures for

46

the oil industry) from the drifting ice in the Arctic. The degradation of concrete surfaces

47

due to ice is known as concrete-ice abrasion. This topic has been studied over the last 40

48

years through both field observations [6–9] and laboratory studies [6, 10–14]. The

49

mechanics of the problem have also been investigated in reviews and using modelling

50

[15]. High local ice pressure combined with the low tensile stress of concrete, 3-body

51

wear, water pressure in cracks, and fatigue can all contribute to the wear of hard concrete

52

by the softer ice. A pilot lattice model for the onset of wear based on Hertzian contact
2

53

stress [16] was developed in our concrete-ice abrasion laboratory and showed that ice

54

can cause the cracking of concrete.

55

Early studies of concrete-ice abrasion focused mainly on concrete and ice properties

56

like temperature and ice pressure and less on the surface properties of concrete. It is

57

known that concrete with higher compressive strength is less abraded [13, 14, 17].

58

An earlier part of this study found that the abrasion of high-performance concrete

59

after 3 km of effective sliding distance was in the order of 0.1 mm, and the majority of the

60

surface damage was observed during the first sliding kilometre [17]. This was interpreted

61

as severe abrasion of concrete during the running-in process of sliding experiments from

62

0 to 1 kilometre, which was followed by mild wear (steady state) over the distance from

63

1 to 3 kilometres, where abrasion rates were much smaller [17]. The difference in

64

abrasion rates could not be explained by the coefficient of friction (COF). Earlier testing

65

of high-performance concrete with standard wear tests also showed severe-mild wear

66

transitions [18], though this was not explained.

67

The importance of studying the effect of concrete surface parameters on abrasion has

68

been highlighted previously [9, 12, 19]. Increasing concrete-ice abrasion was associated

69

with increased surface roughness, and the number and size of asperities was related to

70

contact stresses. The current research therefore focused on the material properties of

71

concrete and its surface characteristics.

72

Fiorio carried out a systematic experimental study of concrete roughness effects on

73

concrete-ice abrasion [12]. The tests were performed on mortar plates. The mortar had

74

a very high water–cement ratio, w/c=0.6, and used only fine aggregate (sand), so the

75

compressive strength was 5 times lower than offshore concrete and the bond strength of

76

cement paste to fine aggregate was weak. Two initial arithmetic levels of roughness Ra

77

(0.11 and 0.28 mm) were created on moulded surfaces. The abrasion was higher for
3

78

plates with the higher roughness. Other wear studies of various materials also explain the

79

running-in process by an initially rough surface when the contact area is small and the

80

load distribution therefore gives high local contact stresses [20–25].

81

An indirect study of roughness on concrete-ice abrasion can be found in Huovinen

82

[6], where the concrete surface had protruding coarse aggregates (6-32 mm) due to both

83

concrete-ice abrasion and freeze-thaw deterioration. The protruding stones were found

84

to destroy ice, but the bond strength of cement paste to aggregate was reduced

85

significantly by frost damage, and this caused aggregate particles from the concrete

86

surface to detach.

87

The effect of surface parameters on wear is usually studied through the average

88

roughness (microscale) and skewness. Although higher roughness causes greater wear

89

during the running-in process [12, 20], the effects of initial surface roughness on overall

90

wear seem to vary. Some studies show that roughness decreases during the wear process

91

[23, 24, 26] due to cutting of the peaks. There is also a study where very low (nanoscale)

92

initial roughness increases during the wear process [27]. Another study showed that high

93

initial roughness decreased, while the lowest initial roughness increased during the test

94

[28]. Liang et al. [20] concluded that there is a lower limit for roughness values, beyond

95

which a further decrease has no effect on wear.

96

The skewness of the surface roughness was found to decrease during the wear test,

97

and become more negative [22–24, 26, 29], i.e. the surface increasingly has more deep

98

valleys than high peaks. The surface with the highest resistance to wear has low

99

roughness and high negative skewness. Such a surface is created during the running-in

100

process; it has a high contact area and low COF [22, 23, 27].

101

The scope of this research was to investigate the severe-mild transition during

102

concrete-ice abrasion tests with the help of surface topography studies. We therefore
4

103

studied how the abrasion of three different initial concrete surfaces (mould, sawn, rough)

104

of HPC (high performance concrete) developed under ice sliding and then analysed how

105

surface roughness parameters were affected. We also investigated the roughness of a few

106

samples at sub-microscale with a new-generation 3D optical microscope, studied the

107

protrusion of lightweight versus normal density aggregates, and characterized the wear

108

debris of ice and concrete to increase our understanding of how concrete-ice abrasion

109

works at various size scales.

110
111

2. Experiments

112
113

We investigated the abrasion of four different types of concrete surface exposed to

114

sliding ice. The experiments included the production of concrete specimens and ice, the

115

concrete-ice abrasion tests, the scanning of concrete surfaces, and the study of wear

116

particles from both concrete surfaces and ice.

117
118

2.1. Concrete-ice abrasion experiments

119
120

The concrete-ice abrasion experiments were carried out in the department of

121

Structural Engineering at the Norwegian University of Science and Technology (NTNU).

122

The experiments took place in a cold laboratory (average air temperature of –10 °C). The

123

method simulates the sliding of fresh-water ice samples on concrete surfaces with a

124

pressure of 1 MPa and an average sliding velocity of 0.16 m/s (Fig. 1). The concrete

125

samples were small slabs with dimensions 100x310 mm and 50 mm high. The ice samples

126

had a cylindrical shape with a concrete contact diameter of 73.4 mm and a height of 180

5

127

mm. The sliding distance for each concrete sample was 3 kilometres. The concrete–ice

128

abrasion test procedure is described in more detail in a previous paper [30].

129
130

Figure 1. Simplified diagram of the concrete-ice abrasion experiment.

131
132

2.2. Scanning of concrete surface

133
134

We scanned the concrete surfaces using a laser measurement method developed in

135

the department, which measured the surfaces at four different stages of each concrete-

136

ice abrasion test: the initial surface, and after each sliding kilometre. The set-up includes

137

three components: the laser sensor itself, a linear motion system controlled by

138

accompanying software, and finally a computer with a logger for data acquisition. These

139

three components are synchronized with optimized scanning parameters (velocity and

140

frequency). The laser sensor moves along the concrete surface with velocity of 10

141

mm/sec, and measures heights (z-direction) at a logging frequency at 200 Hz. The

142

diameter of the laser beam is approximately 50 µm. The laser sensor was calibrated with

143

a steel calibration block 2.5 mm thick and found to have an accuracy of 16 µm. The

144

measuring range of the laser in the z-direction is 10 mm.

6

145

The scanned region measures 95 mm in the y-direction by 299 mm in the x-direction,

146

resulting in a matrix of surface heights with dimensions 1900x300 points, so that the

147

measuring point distance is 1mm in the x-direction and approximately 50 µm in the y-

148

direction, cf. Fig. 2(a). Figure 2 shows a simplified scheme of the measurement process.

149

Since the measurements are denser in y-direction, we identify them as profiles (Fig. 2(a)),

150

and the distance between two profiles was normally 1 mm, and locally reduced to 0.1 mm

151

for higher scan image quality. The scanning method and equipment are described in more

152

detail in our previous paper [30].

153

154
155

(a)

(b)

156

Figure 2. (a) Simplified schematic of measurement process (not to scale);

157

(b) simplified schematic of the different zones on the concrete surface.

158
159

Although the topography of the concrete surface was within the measurement range

160

of the laser, there were measurement faults in the surface matrix. These faults were

161

identified as sharply pronounced spikes on the scan result. Often, these spikes were

162

observed at the edges of air-voids, presumably because the laser beam was blocked by

163

the edge either on the way into the inner void or on the way out (hidden surface effects).

7

164

Macro air-voids in hardened concrete (compaction voids) have irregular shapes and

165

varying degrees of hidden inner surface under the sawn surface. These positive spikes

166

were filtered out in a two-step procedure. Firstly, a one-dimensional median filter (200th

167

order) was applied to the raw data of each profile. Secondly, the raw data was compared

168

with the filtered data, and where the raw data of a measuring point was 0.05 mm greater

169

than the filtered profile, it was replaced locally with the filtered data (Fig. 3). The filtering

170

out of negative spikes was rejected, because it would obscure the air-voids in the concrete

171

surface. The amount of data filtered out varied from 0.5% (for smooth surfaces) up to

172

6.1% (for rough surfaces) of the total number of points in the surface matrix

173

(approximately 585000).

174

175
176

(a)

(b)

177

Figure 3. Example of raw data, and data after filtering: (a) surface matrix with raw and

178

filtered data; (b) profile of raw and filtered data with examples of hidden surface

179

and blocked laser deflection.

180
181

Abrasion was measured with the laser scanner four times: initially and after each

182

sliding kilometre. The abrasion depth was calculated from the difference between the

183

surrounding un-abraded band on the edges of the concrete sample and the central band

184

of concrete, cf. Fig. 2 (b). The central band is the most abraded part of the concrete due to
8

185

the cylindrical shape of the ice. The average abrasion was found as the average value of

186

the abrasion in the 127 central profiles, cf. Fig. 2 (b).

187

The roughness parameters, such as arithmetic roughness (Ra), skewness (Rsk),

188

kurtosis (Rku), and the amplitude distribution function, were found within the central

189

band (Fig. 2 (b)). The roughness parameters were calculated in accordance with ISO 4287

190

[31], using the following equations:

191
𝑙

1

(1)

192

𝑅𝑎 = 𝑙 ∫0 |𝑧(𝑦) |𝑑𝑦

193

𝑅𝑞 = √ ∫0 𝑧(𝑦) 2 𝑑𝑦
𝑙

194

𝑅𝑠𝑘 = 𝑅 3 [ 𝑙 ∫0 𝑧(𝑦) 3 𝑑𝑦]

195

𝑅𝑘𝑢 = 𝑅 4 [ 𝑙 ∫0 𝑧(𝑦) 4 𝑑𝑦]

196

where z is the surface height and 𝑙 is the width of the central band, 10 mm.

1

𝑙

1

1

𝑙

(3)

1

𝑙

(4)

(2)

𝑞

1

𝑞

197
198

The separate study of the abrasion of aggregate particles and cement paste or mortar

199

was done within the narrow central band of 2.5 mm (Fig. 2(b)), because at this width it

200

was possible to sort the profiles and manually pick which of them belonged to aggregates

201

and which to the mortars. Approximate sizes of aggregate particles within this narrow

202

central band were 7–19 mm for lightweight concrete and 9–15 mm for normal-weight

203

concrete.

204

A few surface measurements down to sub-microscale were made with a 3D optical

205

microscope (Bruker, ContourGT-K) in the Nanolab at NTNU. The sawn surface of

206

lightweight concrete was scanned before and after the concrete-ice abrasion test. The

207

measurement area was small (approx. 10 by 15 mm).
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208

2.3. Concrete mixes and surfaces

209
210

To examine the effect of concrete surface roughness on the abrasion process, we used

211

four different types of concrete surface (Fig. 4). Three types of concrete surface were

212

prepared from one concrete mix (B75): sawn, moulded and sandblasted. Moulded

213

samples (labelled as MB75) have a relatively smooth cement paste surface; the mould

214

form was steel. Sandblasted samples (labelled as BB75) were made by dry sandblasting

215

moulded surfaces with AlSiO4 (1–2 mm). The resulting surface was relatively rough and

216

has cement paste with fine aggregates (crushed gravel, 0–8 mm grain size) and open air-

217

voids. Sawn-concrete samples (labelled as SB75) were made by wet sawing with a

218

diamond saw blade 2.5 mm thick, and then grinding away visual traces of the saw with

219

the side of the diamond sawblade afterwards. This surface is relatively smooth with cut-

220

through cement paste, fine and coarse (crushed gravel, 8–16 mm grain size) aggregates,

221

and air-voids. These three types of surface allowed us to look at the abrasion of a smooth

222

top cement paste layer, rough non-homogenous surfaces with fine aggregates, and

223

smooth non-homogenous surfaces with fine and coarse aggregates.

224

Since the concrete mixes have an aggregate volume fraction of 72% (B75 mix), the

225

sawn surface is mostly defined by aggregate particles. To examine the behaviour of other

226

types of coarse aggregate on the abrasion of concrete, sawn samples of lightweight

227

concrete (LWC) (labelled as SLB60) were included in the experimental programme. The

228

lightweight concrete mix has a porous coarse aggregate with lower density (1530 kg/m3)

229

than normal-weight aggregate (2690 kg/m3). Nowadays there is a lot of interest in

230

lightweight concrete for structures, especially offshore structures.
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231
Figure 4. Typical concrete surfaces before testing.

232
233
234

Table 1 shows the properties of the fresh concrete mixes, cube compressive strength

235

and labels of the samples tested. The fresh concrete properties were determined in

236

accordance with EN 12350 [5]. The samples were classified in accordance with NS-EN

237

206:2013+NA:2014 [6].

238
239

Table 1. Concrete properties of tested mixes.
B75

LB60

W/(C+2S)*

0.42

0.40

Density, kg/m3

2455

1905

Air content, %

0.9

6.7

Slump measure, mm

200

195

420
Årdal 8–16 mm (50%),
crushed gravel
Årdal 0–8 mm (50%),
natural sand

410
Stalite ½" (23%) and ¾"(23%),
lightweight aggregate
Årdal 0–8 mm (54%),
natural sand

90.0

69.1

Slump spread measure, mm
Coarse aggregate
Fine aggregate
28-day compressive strength
(cube), MPa

moulded (M)
sandblasted (B)
sawn (S)
sawn (S)
*where W, C and S are the masses of free water, cement and silica fume powder
Concrete surface

240
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241

2.4. Fresh-water ice as abrasive material

242
243

In these experiments, the concrete surface is abraded by fresh-water ice produced by

244

unidirectional freezing. The density of the ice is 917.0 kg/m3, so its porosity is very low:

245

0.1 – 0.0033% [17]. The method of ice production is described in detail in our previous

246

paper [30].

247

To investigate the ice structure, thin sections of ice were cut using a microtome.

248

Figure 5 shows that a typical ice sample consists of “column like” ice grains. The average

249

grain size in horizontal cross section (approximately 30 mm above the bottom of the ice

250

cylinder) was measured as an area fraction based on the 2D image of two different thin

251

sections. This showed the average 2D size of ice grains was 55 mm2 in one section and 78

252

mm2 in the other.

253

(a)
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(b)
254

Figure 5. Thin sections of typical ice samples (a) horizontal cross section;

255

(b) vertical cross section

256
257

2.5. Ice and concrete wear particles

258
259

Earlier research using the concrete-ice abrasion test showed that the wear of ice is

260

30,000–100,000 times greater than the wear of concrete [17]. The ice can change into

261

water through melting, or into slush ice or ice fragments [30]. The ice fragments were

262

here interpreted as ice wear particles. The ice fragments were collected during concrete-

263

ice abrasion tests on sawn surfaces after three ice samples had been consumed. During

264

the abrasion testing, they were deposited on the side of the concrete sample on plastic

265

foil. A total of 433 g of ice fragments were collected and sieved in a similar manner as in

266

Timco and Jordaan [32], though the screen opening was larger. The sieves were: >8mm,

267

8–4 mm, 4–2 mm and <2mm.

268

Concrete wear particles were also collected during concrete-ice abrasion tests on

269

sawn surfaces, separately for the two concrete mixes, B75 and LB60. The concrete surface

270

was rinsed with water after (approximately) every 0.1 – 0.3 km of sliding distance. This

271

water was filtered afterwards with filter paper (pore size: 12–25 µm). The concrete wear

272

particles collected were studied with the optical microscope.
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273

3. Results

274
275

3.1. Amplitude distribution function

276
277

Figure 6 shows amplitude distribution functions for the four concrete surfaces before

278

and after 3 kilometres of concrete-ice abrasion testing. The difference between the two

279

lines (initial and final distributions) illustrates the abrasion of the surface. The dashed

280

lines show the mean distributions.

281

The width of the distribution shows its unevenness and roughness. Sample MB75-1

282

has the narrowest initial height distribution, which corresponds to the visual impression

283

of a smooth surface in Fig. 4. In contrast, sandblasted sample (BB75-1) shows the widest

284

amplitude distribution, which corresponds to the greatest roughness in Fig. 4. Of the two

285

sawn samples, the lightweight concrete mix SLB60-1 has the widest distribution, which

286

can be explained by the high air-void content of the concrete mix (Table 1) and the high

287

porosity of the aggregate, which increased roughness much more than the granite

288

aggregate in SB75-1.

289

290
291

Figure 6. Amplitude distribution functions for four different concrete surfaces.
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292

Figure 7 shows normalized cumulative amplitude distribution functions and the

293

standard distribution function of the central band for the four concrete surfaces before

294

the test and after each kilometre of concrete-ice abrasion. These are often called bearing-

295

curves in wear testing. A normality test was rejected for all surfaces.

296

297
298

Figure 7. Normalized amplitude distribution functions and the standard distribution function.

299
300

3.2. Surface degradation

301
302

Figure 8 (a) shows profiles for the four types of concrete surface before and after 3

303

kilometres of concrete-ice abrasion testing. Figure 8 (b) shows the 50 mm width of

304

corresponding concrete surface after 3 kilometres of testing, with the dashed line

305

indicating the profile location.

306

Figure 8 (a) shows profiles of concrete surfaces at right angles to the ice sliding

307

direction, which means that the abrasion of concrete was in the centre of these profiles.

308

Along the edges, at 0 and 100 mm on the vertical scale in Fig. 8(b), no ice was in contact

309

with concrete, so this is the un-abraded reference surface.

310

The degradation of the smooth moulded surface MB75-2, shown in the plot at the top

311

in Fig. 8(a), can be characterized as follows: compaction air-voids open and cement paste
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312

is abraded to a depth of approximately 0.13 mm. The opening of the air-voids affected the

313

surface asymmetry (Rsk) making it (more) negative. Both the air-voids and the abrasion

314

of cement paste increased the roughness (Ra) of the surface measured after the test.

315

The sand–blasted surface (sample BB75-1, second scan from top in Fig. 8(a) and

316

second scan from the left in Fig. 8(b) has many open air-voids and a higher roughness,

317

due to the blasting. Abrasion testing over 3 kilometres did not change the surface profile

318

and the abrasion was in the same order of magnitude as for the moulded surface. The

319

visual impression of surface scans after the 3 kilometres of abrasion test in Fig. 8 (b)

320

shows that the sandblasted sample (BB75-1) has higher roughness and more open air-

321

voids than the moulded surface.

322

The sawn surfaces of both normal-weight concrete (SB75-1) and lightweight

323

concrete (SLB60) were initially smooth with open air-voids (Fig. 8(a)). After abrasion

324

testing, they were both characterized with protrusion of aggregates (granite in normal-

325

weight aggregate and Stalite in lightweight aggregate, LWA). This can be seen in both the

326

profiles in Fig. 8 (a) and the surface scans in Fig. 8(b). Some of these protrusions

327

presumably resulted from initial valley formation in the paste around coarse aggregates,

328

but Fig. 8(a) shows that protruding LWAs were also worn during the test (SLB60-1), and

329

rather more than the normal-weight aggregate in the SB75-1 sample.

330

The visual impression of the results in Fig. 8 is that abrasion of the sawn surfaces is

331

greater, that the roughness of the abraded surface is greater, and the skewness is (more)

332

negative due to ice abrasion. In the case of sample SLB60-1, the initial skewness became

333

even more negative due to large dominant air-voids, and the abraded surface had more

334

valleys, and in this specific profile (Fig. 8(a)) the skewness increased.

335
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336
337

(a)

338
339

(b)

340

Figure 8. (a) Profiles of concrete surface before and after 3 km of concrete-ice abrasion testing;

341

(b) the 50 mm width of the corresponding concrete surface after 3 km of testing (the dashed

17

342

lines indicate the position of the profiles in a), and the inserts above the surfaces indicate the

343

position of the profiles on the concrete surface).

344
345

3.3. Roughness parameters and abrasion rate

346
347

Figure 9 shows the roughness parameters described in Section 2.2 and the abrasion

348

rates for all types of surface during the abrasion test. These are all shown as averages of

349

values detected within the central band (Fig. 2 (b)) for each kilometre of concrete-ice

350

abrasion testing.

351

Figure 9(a) shows the concrete-ice abrasion rate during the testing of each surface.

352

As mentioned in the introduction, a severe-to-mild wear transition was observed for all

353

types of concrete surface. The maximum wear rate corresponds to the first kilometre of

354

sliding distance and afterwards reduces substantially. The highest abrasion rate is found

355

for sawn surfaces of lightweight concrete.

356

Among the different surfaces of concrete mix B75, the highest abrasion rate is seen on

357

the sawn surfaces. As was observed earlier, the abrasion rate of the actual HPC is low, and

358

the differences in abrasion rate between moulded, sawn and sand blasted surfaces are

359

perhaps not discernible. However, the average initial wear rate is higher for moulded

360

surfaces than for sandblasted.

361

Figure 9 (b) shows the change of surface roughness during the testing. The results

362

show good reproduction between parallel pairs of samples. The initial roughness data

363

before the test are in good agreement with the visual impression in Fig. 4. As would be

364

expected, the initial roughness of both sawn and moulded surfaces is low and similar to

365

each other, whereas it is higher for the “rough” sandblasted surfaces. The initial
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366

roughness of sawn surfaces is higher than for moulded, due to the opened compaction

367

air-voids, and also some aggregate porosity in the case of LWA.

368

After 3 km of concrete-ice abrasion testing, the roughness of all the concrete surfaces

369

had increased. All samples of B75 concrete mix show convergence of roughness over 3

370

km of sliding. Compared to the other samples, the change in roughness for sandblasted

371

surfaces was very small.

372

Figure 9 (c) shows the change in the skewness of the concrete surfaces. The skewness

373

shows the asymmetry in the surface, where for an ideally flat, or normally distributed

374

surface, it will be 0, and it will be negative or positive if the symmetry shifts towards

375

valleys or peaks, respectively. All the samples, except for one lightweight aggregate

376

sample (SLB60-1), showed a decrease in skewness, especially during the severe

377

(running-in) wear of the first sliding kilometre of the test. Sample SLB60-1 had more

378

voids initially, which gave it the lowest initial skewness.

379

Figure 9 (d) shows the change in the kurtosis of the concrete surfaces during the test.

380

The kurtosis is the measure of both tails of the distribution. For the normal distribution,

381

the value of kurtosis equals 3. Figure 9 (d) shows the lowest initial kurtosis for concrete

382

samples with moulded surfaces, which means the weight of the tails in the distribution is

383

very low, which is in agreement with Fig. 6. For all the other samples, the initial kurtosis

384

value is greater than 3, which means that the weight of the tails in the distribution is

385

higher.

386

The parallel samples, SLB60-1 and SLB60-2 with lightweight aggregates, show very

387

different skewness and kurtosis before the test (Fig. 9 (c, d)), but after the sliding tests,

388

both the skewness and kurtosis of the two parallel samples converged. The difference in

389

surface parameters before the test is shown in Fig. 10, with more pores and open voids
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390

before abrasion in SLB60-1 than in SLB60-2, whereas after 3 km the sliding has created

391

similar topographies in the two parallel samples.

392

393
394

(a)

(b)

(c)

(d)

395

Figure 9. (a) Average abrasion rates of concrete during the tests; (b) average roughness of

396

concrete surfaces; (c) skewness of concrete surfaces; (d) kurtosis of concrete surfaces

397

with the sliding distance.

398

399
400

Figure 10. Topography of the central band before and after 3 km testing for two parallel

401

samples SLB60 (the central band has 25400 points).

402
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403

3.4. Roughness measured at sub-microscale

404
405

Just a few scans of the lightweight concrete sawn surfaces were made with a 3D

406

optical microscope before and after 3 km of ice abrasion testing. Table 2 shows the results

407

for the roughness parameters. Figure 11 gives pictures from the high-resolution scans.

408
409

Table 2. Roughness parameters of sawn lightweight concrete (LB60) measured with a

410

3D optical microscope.

411
SLB60 (0 km)
SLB60 (3 km)

Ra, μm
8,061
45.726

Rsk
-0.392
-0.969

Rku
3.036
4.218

412

413
414

(a)

(b)

415

Figure 11. Scan of sawn lightweight concrete (LB60) with 3D optical microscope:

416

(a) before the test; (b) after 3 km testing. (Note: the vertical colour scale is different.)

417
418

3.5. Abrasion of mortars and coarse aggregates (granite and LWA)

419
420

The abrasion rates for coarse aggregates and mortars were measured using the visual

421

method described in Section 2.2. The profiles for coarse aggregates and paste were
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422

manually selected. Approximately 50% of the data in the narrow central band was

423

classified as either coarse aggregates (28% for B75 and 31% for LB60) or mortars (15%

424

for both B75 and LB60). That gave an aggregate volume fraction of 65% for the B75 mix

425

(whereas the real, mixed-in, aggregate volume is 72%) and 68% for the LB60 mix (where

426

the real, mixed-in, aggregate volume is 69%). Figure 12 shows the average abrasion rates

427

of coarse aggregates, mortars, and concretes within the narrow central band during

428

testing. The abrasion rate is greatest for the mortars, and smallest for the aggregates. The

429

lightweight aggregate suffered more abrasion more than the normal-weight aggregate.

430

431
432

Figure 12. Abrasion rate of mortar, coarse aggregates (granite and LWA) and concrete.

433
434

Figure 13 shows part of the surface scan before and after 3 km testing, which shows

435

the normal-weight aggregate and lightweight aggregate. The surfaces before the test look

436

smooth which is in agreement with profile plots of sawn surfaces before the test in Fig. 8

437

(a). The surfaces of abraded samples show clear protrusion of aggregates.

438
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439
(a)

440

(b)

441

Figure 13. Parts of the surface scan before and after 3 km testing:

442

(a) normal-weight aggregate; (b) lightweight aggregate.

443

(Note: the resolution for scans before the test was lower than for scans after the test.)

444
445

3.6. Concrete and ice wear particles

446
447

Figure 14 shows wear particles collected during 3 km of concrete-ice abrasion testing

448

on sawn surfaces B75. The wear particles include cement particles and fine aggregates.

449

The particle size was close to and below 250 μm. The particles have sharp and irregular

450

angular shapes.
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451
452

Figure 14. Wear particles from sawn concrete surface B75.

453

(Fibres came from filtration paper).

454
455

Figure 15 (a) shows typical ice fragments of various sizes and shapes, collected

456

after concrete-ice abrasion testing. The size distribution of ice fragments (Fig. 15 (b))

457

shows that the majority of fragments are within the range of 4–8 mm.

458

459
460

(a)

(b)

Figure 15. (a) Ice fragments; (b) ice fragment size distribution.

461
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462

4. Discussion

463
464

To summarize the results given in Section 3, they show that concrete-ice abrasion

465

mostly takes the form of valley formation resulting from either air voids opening or

466

aggregate protrusion and cutting of the peaks. All types of surface show that after

467

abrasion testing the symmetry of the surface roughness has changed towards the

468

negative direction. In general, except for increased wideness and lost height due to the

469

abrasion, the shape of the distribution function was not changed dramatically. In other

470

words, based on the amplitude distribution functions (Fig. 6) within the central band

471

(10x127 mm), the concrete surface did not suffer the kind of catastrophic damage that

472

could create a completely different height distribution after the testing.

473

The roughness parameters (roughness and skewness) are affected in the same

474

manner at both mesoscale (Fig. 9) and microscale (Table 2), and principally also at the

475

macroscale with the protrusion effect of large aggregate particles (Fig 8 (b), 13).

476

Interestingly, the surface topography somehow seems to be affected in a similar way at

477

three very different scales. A model of abrasion mechanisms therefore needs to account

478

for this multiscale effect. The results after 3 kilometres of testing show the roughness

479

increasing and converging. However, the theoretical detachment of protrusions of coarse

480

aggregate could lead to a dramatic increase in roughness at macroscale.

481

The normalized amplitude distribution functions (Fig. 7) show a clear difference in

482

the asperity sizes that are affected by the wear from the initial surface (at 0 km) and after

483

the 1st kilometre of sliding testing, which corresponds to severe (running-in) wear mode.

484

The sawn and moulded surfaces of B75 samples have clear cutting of peaks, and the sawn

485

and sandblasted surfaces have clear formation of valleys. Further sliding testing (from 1

486

to 3 km, in mild wear mode) does not show clear changes in the normalized amplitude
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487

distribution functions. This is most evident for the moulded and sandblasted concrete

488

surfaces. This is surprising and suggests that the mild concrete ice abrasion works

489

similarly over a wide range of asperity sizes. The stable distribution of normalized

490

heights after the first sliding kilometre, can be explained by the increasing contact area

491

between ice and concrete after the first kilometre (excluding local high pressure due to

492

ice fragments and concrete wear particles), through the valley formation, the cutting of

493

peaks, and the water lubricant. The few observations we made with the 3D optical

494

microscope also suggest an increase in roughness at sub-microscale. If we also consider

495

Huovinen’s macroscale model with the development of protruding aggregate particles

496

due to ice abrasion, it seems that the roughness increases over a wide range of asperity

497

sizes from sub-micron to centimetres.

498

The running-in process is either the flattening of surface asperities with further

499

change of symmetry towards the negative valleys, or degradation of the weakest regions

500

(weakest due to compaction voids or the paste or bond zones between aggregate and

501

paste). Interestingly, the abrasion is not homogeneous all over the sample and varies

502

within the central band. Furthermore, mild abrasion is concentrated in the same spots as

503

severe abrasion but with a lower rate. In the case of sawn surfaces, the abrasion is

504

localized in the bond zone between mortar and coarse aggregates (Fig. 8.). This can be

505

related either to the mechanical properties in the interfacial transition zone (ITZ) or to

506

uneven stress distribution due to the different phases of concrete in the concrete-ice

507

contact zone resulting in stress concentration. So, the ITZ seems to be a weak point for

508

the onset of wear, and it would be interesting to make a closer study of the evolution of

509

the abrasion there, perhaps with the 3D optical microscope.

510

Sawn lightweight concrete samples were found to abrade more than normal-weight

511

concrete. The explanation is the high abrasion of lightweight aggregate compared to
26

512

granite. The abrasion of paste around the aggregate is also greater for lightweight

513

concrete, which can be explained by the higher porosity of lightweight concrete. Although

514

the water-to-cement ratios of the B75 and LB60 mixes are similar, the porosity of the

515

paste in the LWC is greater due to the air-entraining agent (Table 1).

516

Although the surfaces changed during the wear process, we could not detect any

517

difference in COF over all 3 km of sliding test [17]. We think that the stable and low value

518

of COF can be explained by a thin water film in the contact area, which works as a

519

lubricant. As previously described [17], the temperature in the contact zone between ice

520

and concrete was around –2 °C and the coefficient of kinetic friction was around 0.02,

521

which is in agreement with Spagni et al. [33]. Where the thickness of the water film is less

522

than the surface roughness, there is contact between two solids, but otherwise the

523

lubricant coexists with the solid surface or the lubricant supports all the load.

524

The wear particles of concrete collected from the sawn surface could theoretically be

525

deposited in the surface valleys and create a protection layer [23]. However, that was not

526

observed, perhaps due to the wet contact, and we assume that these concrete wear

527

particles caused third-body wear during the contact, tumbling between ice and concrete

528

or held by the ice for a few cycles. The effect of ice contamination with particles of soil

529

and sand has been studied in earlier work and found to increase the abrasion rate [19].

530

The wear particles of ice and concrete we observed were very different in size, but both

531

have sharp, angular shapes, presumably reflecting brittle fracture. The largest concrete

532

wear particles are less than 250 μm. The smallest ice fragments were 2 mm (but they

533

were not collected in the air as in Timco and Jordaan [32] and there is a chance that the

534

smallest particles were lost). This result indicates that the size of the largest ice asperities

535

is similar to the size of ice crystals, as assumed in lattice modelling of the onset of
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536

concrete-ice abrasion [16]. Both concrete wear particles and concrete roughness (Fig. 8)

537

are much smaller than the ice fragments.

538
539

Conclusion

540
541

Various concrete surfaces of B75 mix were studied to investigate the evolution of the

542

concrete-ice abrasion process. Moreover, the abrasion of both normal and lightweight

543

aggregate concrete was studied on sawn surfaces. Based on these topography studies, we

544

came to the following conclusions:

545



from either air voids opening, or aggregate protrusion and cutting of the peaks.

546
547







The abrasion rate of lightweight aggregate is greater than that of normal-weight
aggregate.

552
553

Protrusion of both lightweight and normal density aggregate was observed,
presumably due to microscale abrasion starting in the ITZ.

550
551

Roughness of concrete surfaces increases and skewness decreases at both mesoand microscale.

548
549

Concrete-ice abrasion can be understood as mainly valley formation resulting



The angular concrete wear particles had a maximum size of 250 μm, whereas ice

554

fragments of various sizes (approx. 0-8 mm) were observed, of which the majority

555

(> 80%) were larger than 2 mm and also angular, indicating brittle fracture, and

556

the largest ice asperities correlate to the size of ice crystals.

557
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ABSTRACT
The wear of concrete material due to ice movement is a challenge for offshore and coastal structures.
Concrete surfaces exposed to moving ice are subjected to wear at various rates depending on concrete
and ice properties.
At NTNU, Department of Structural Engineering, concrete ice abrasion phenomena are studied both
theoretically and experimentally. This paper describes the accelerated concrete ice abrasion rig which
was comprehensively improved recently. Together with surface measurement equipment, it is
believed that the new experimental facility will give new input for understanding of the underlying
mechanisms of ice abrasion.
INTRODUCTION
Industrial exploration of the Arctic demands new materials to be utilized in severe conditions.
Nowadays the behavior of a variety of materials is studied under ice sliding. There are such materials
as polyethylene (Ducret, et al., 2005), metal coating (Abdelnour, et al., 2006), stainless steel
(Abdelnour, et al., 2006), smooth painted steel ( Frederking & Barker, 2002), heavily corroded steel
( Frederking & Barker, 2002) and concrete (Jacobsen, et al., 2014; Bekker, et al., 2011; Fiorio, 2005).
In the last decades concrete has been proven as a suitable material for offshore development. And in
this paper we describe our concrete-ice abrasion test equipment.
Concrete-ice abrasion mechanisms are reviewed in Jacobsen et al. (2015). Although surface
degradation can be consequence of simultaneous mechanical action, freeze-thaw cycles, chemical
attack etc. the ice friction on concrete surface itself is presumably the severest attack. We continue
to study this phenomenon by improved test methodologies and approaches. In this paper the
accelerated concrete ice abrasion rig is presented.
CONCRETE -ICE ABRASION LABORATORY AT NTNU
The lab includes a rig for acceleration wear of a concrete surface under ice sliding and facilities for
measuring wear and roughness. Although the concrete wear depends on many factors we have to
decrease the amount of parameters and simplify test procedures. One choice is the use of fresh water
ice instead of sea ice, to avoid particularly chlorides and the associated severe corrosion on rig details.
The concrete-ice abrasion rig is located in a room with ability to keep negative temperature down to
-20 degree of Celsius.
Concrete-ice abrasion rig
The heart of the concrete-ice abrasion lab at NTNU is the concrete-ice abrasion rig. It performs
sliding interaction of a concrete sample and ice, Figure 1. This rig is based on a shaping machine that
was modified by the mechanical and electronics workshops at Department of Structural Engineering.
The assembled rig for concrete-ice abrasion test has been used since 2008. Since that time it was
partly improved (repaired) several times. Recently the rig was equipped with:

1

1. a new sliding bearing system, Figure 1(a);
2. a new vertical load cells, Figure 1(c);
3. engine for automatic movement of table with concrete sample, that simplifies changing of ice
specimen significantly;
4. a new program with a more accurate feedback system for ice load control and high-frequency
logging of friction.
The last item is the most important. This system enables to control vertical and horizontal load with
response logging up to 500 Hz, i.e 50 times faster than before (10Hz). Previous test results (Greaker,
2014) did not indicate the peaks in friction coefficient plots, due to insufficient amount of data. So
the new system is believed to solve this problem. The feedback - and logging system is programmed
with National Instruments LabView and the hardware interface is a compact RIO chassis.
The purpose of the rig improvements is to perform tests more accurately including studies of
roughness and friction. A new sliding bearing system, Figure 1(a), performs sensitive sliding, thereby
improving the accuracy of the friction measurements during ice abrasion exposure. Two new vertical
load cells under the concrete specimen, Figure 1(c), detect the load more sensitively. The maximum
capacity for each of them is 10 kN (total capacity 20 kN).
The original shaping machine creates repeated, sinusoidal, sliding movements of the ice sample
holder in horizontal direction. The sliding distance is constant and equals 200 mm. The sliding speed
can be varied in the “Is-abrasiv 2014” software up to 0.6 m/s.
The ice sample, within the sample holder, (Figure 1) is under constant vertical load that is also
controlled by the software. The motor in Figure 1 drives the vertical piston pushing the ice sample
while it is worn down, and stops automatically when desired consumption level of ice is reached.
The horizontal screw fixes the concrete specimen towards a horizontal load cell, Figure 1(b). The
maximum value of pretention is 7500 N to keep sample stable during the test. The software indicates
vertical load as the sum of two load cells.
(a)
Motor

(b)
Piston
Ice sample
holder

(c)

Copper plate

Fixed concrete
specimen

Figure 1. Concrete-ice abrasion rig: (a) - sliding bearing system;
(b) - horizontal load cells; (c) - vertical load cells – top view.
Both concrete and ice sample are under temperature control during the test. The concrete specimen
temperature control goes through a steel-epoxy-copper coil-copper sandwich plate (Figure 1). The
copper-coil in this sandwich plate is connected with a cooling liquid (alcohol) circulator. The
temperature control of the ice sample goes through a separate circuit around the ice sample holder
(Figure 1).

The Is-abrasive 2014 software displays the number of cycles, total sliding distance, sliding speed and
loads feedback. The output includes two files, one of them with the friction parameters (time,
position, horizontal and vertical loads) and another with all parameters (temperature, total distance,
number of cycles).
Structured light 3D scanner
To increase the amount of information about abraded concrete surfaces compared to mechanical
measurements, work on the 3D optical light scanner ATOS III SO (small object configuration) was
made to develop it for concrete abrasion measurement (Shamsutdinova, et al., 2015). Figure 2 (b)
shows surface 3D scans of concrete samples, which were tested before in Greaker (2014). Both
concrete, samples with w/c = 0.60 with 40% volume of paste and granitic aggregate with 8 mm
maximum particle size, were tested at ice pressure 1 MPa and sliding distance 500 m. Mechanically
measured mean wear depth is 0.049 and 0.052 mm respectively for samples No.1 and No.2 (Greaker,
2014).
The scanner software creates a mesh based on the surface scan. The measuring point distance is 0.05
mm. There is a main disadvantage of working with a structural light scanner: dark zones on the
concrete surface are not detected. As a result there are large and substantial number of holes of
varying size in the mesh. But the ATOS software, with its post processing software GOM Inspect,
has “closed the holes” based on the meshing interpolation procedure.
A preliminary comparison between mechanical and ATOS measurements on samples No.1 and No.2
shows 0.039 mm for both. Hence ATOS can be used to measure concrete-ice abrasion, with
appropriate use of the GOM inspect software procedures including the closing of holes and numerical
procedures for creating reference planes in the unabraded and abraded zones (Shamsutdinova, et al.,
2015).
Height of
surface
point
[mm]
sample No 1

sample No 2
(a)

0.15
0.12
0.09
0.06
0.03
0.00
-0.03
-0.06
-0.09
-0.12
-0.15

(b)
Figure 2. (a) 3D optical scanner ATOS III SO;
(b) surface 3D scans of tested concrete samples.

The numerical hole filling procedure, however, modifies the surface topography so that roughness
measurements become dubious from the data. Moreover, the procedure is time consuming with
coupling of repeated scans to cover the whole surface. Together with the numerical hole filling- and
the reference plane selection procedures this presumably also introduces the kind of vertical artefacts
seen several places in the surface scans in Figure 2. In addition to the above mentioned work with
the concrete ice abrasion machine we are therefore at present also developing a new abrasion
measurement system based on laser.

FURTHER WORK
Before further studies of roughness and its effect on concrete ice abrasion we will implement the new
abrasion measurement system. At first a full comparison between mechanical, ATOS and laser
measurements will be performed on a series of 15 specimens that No.1 and No2 were a part of. Also
some initial tests of friction will be made with the new sensitive concrete ice abrasion machine. Then
ATOS and laser measurements will be used to study the effect on concrete-ice abrasion of concrete
and ice surface roughness created in different ways in different types of concrete and ice. The results
will be compared to numerical simulations of crack initiation during ice sliding on a concrete surface
asperity. The objective is to get fundamental information on the mechanics of concrete-ice abrasion
to better understand how to create concrete-ice abrasion resistant structures.
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ABSTRACT
The wearing of concrete material due to ice movement is a cutting edge problem for offshore and
coastal engineering. The phenomenon is often referred to as concrete-ice abrasion, but the physics of
this process is not clearly understood yet. A possible mechanism to explain concrete-ice abrasion is
the formation of cracks on the concrete surface, due to excessive tensile stresses induced by sliding
of ice asperities. Concrete surfaces exposed to moving ice are subjected to wear at various rates
depending on concrete and ice properties.
At NTNU, Department of Structural Engineering, we are studying ice abrasion phenomena both
theoretically and experimentally. This paper analyses the wear rate of concrete; concrete surface
roughness and its relevance for the abrasion mechanism. The results indicate that increasing concreteice abrasion relates to increasing surface roughness. Furthermore, measurement of abrasion
mechanically and with an optical scanner gave similar average abrasion.
Keywords: Concrete, Ice Abrasion, Roughness.
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1.

INTRODUCTION

Industrial exploration of the Arctic demands new materials to be utilized in severe conditions. For this purpose
the effects of environment on structures should be clearly understood. This paper focuses on wearing of the
concrete material due to ice movement. Although such surface degradation is induced with simultaneous
action of mechanical sliding, freeze-thaw cycles, chemical aggressive sea water and water pressure, it is
reasonable to consider wearing mechanism due to sliding contact separately.
2.

WEARING MECHANISM

The damage of concrete surface induced with ice movement is often referred to as concrete-ice abrasion [1,
2], but the physics of this process is not clearly understood yet through recently the concrete-ice abrasion
mechanics were reviewed in [3]. The abrasion in tribology relates to single-cycle deformation mechanism [4]
(Figure 1(a)). This mechanism describes surface degradation during sliding motion, when the abrasive material
is harder than the wearing surface [4, 5, 6, 7]. Although pure ice crystals can be of relatively high hardness,
up to around 70N/mm2, indentation tests gave lower hardness compared to concrete [1].

(a)

(b)

Figure 1. Conceptual illustrations of deformation wear mechanisms:
(a) single-cycle deformation wear is illustrated as a cutting process as a harder material wears a softer
substrate;
(b) fatigue process is used to illustrate repeated-cycle deformation wear [4].
In the case of concrete-ice wear, a “hard” concrete surface is abraded by a “soft” abrasive during sliding
motion, and so we think that the degradation mechanism relates to repeated-cycle deformation [4]. Repeatedcycle deformation mechanism dominates in fatigue wear [4] (Figure 1(b)). The basic concept of fatigue wear
is crack formation on the surface due to cyclic stress.
The loads from ice drift have complex influences on vertical offshore structures and could be subdivided in
general into: static and dynamic [8]. So the actions from moving ice have a cyclic nature [9, 10]. Hence fatiguewear is relevant for all three fracture cases reviewed in [3]: contact mechanics by indenting and sliding ice,
brittle fracture by hard particles between ice and concrete and water pressure at ice impact on submerged
cracks.
3.

FACTORS INFLUENCING WEAR RATE

As was said above, the concrete wear phenomenon is induced by various actions. From this, one may conclude
that a lot of factors have influence on wear rate. It can be environmental factors, such as temperature, currents,
wind, ice origin, ice features, ice strength, ice thickness and others. The scenario of ice structure interaction
depends on these factors. Concrete material properties are important, like strength, hardness, elastic modulus,
tensile strength and surface properties of paste and aggregate. Besides, structure geometry influences too: type
of structure, width, and so on. In this paper we would like to look at the concrete surfaces of offshore structures,
mainly roughness, and its influence on wear rate.

3.1. Roughness effect
The simplest definition in 2D is the average roughness with y the height at any point along a line with length
l through valleys and peaks of a surface.
1 𝑙
𝑅𝑎 = ∫ |𝑦(𝑥)| 𝑑𝑥
𝑙 0
𝑛

1
𝑅𝑎 = ∑|𝑦𝑖 |
𝑛

(1)

𝑖=1

Where 𝑅𝑎 is the average roughness, y is the height at any point along a line, l is the length of the line.
The influence of roughness of a metallic abrasive on the wear of polyethylene (UHMWPE) was studied [11].
UHMWPE was abraded by 5 metallic balls. Their mean roughness Ra (micron) varied from 0.12 to 0.33. The
results [11] showed quantitative dependence on wear volume (mm3) by varying roughness. Wear volume
increased with increasing initial average roughness of abrasive.
The wearing resistance of UHMWPE was studied with ice sliding test, with different ice surface roughness
[12]. This study was based on two types of ice roughness. The value of roughness here was the mean attack
angle between ice surface and abraded material. The results of the paper showed that wear of UHMWPE
varied with initial ice roughness R1 = 0.66 (rad) and R2 = 0.95 (rad). Higher wear of polyethylene abrasive
related to ice with bigger surface roughness.
The effect of concrete surface roughness on the wearing process in an ice sliding test was studied too [13].
Experiments were performed for a smooth and a rough concrete plate with Ra = 0.11 and 0.28 (mm)
respectively. Results showed higher wear depth for the rough plate.
The results above seem to confirm the idea that the roughness of both concrete and ice surface influences the
wear rate. Based on this idea an analysis of roughness effect on wear rate was performed based on some recent
NTNU laboratory test results.
3.2. Analysis of NTNU laboratory results
Test results of a recent Master’s thesis [14] were used for this analysis. Concrete samples were casted
approximately 5 years before the experiment. The first two years they were stored in moist conditions and
then open to air. There were 15 samples of w/c = 0.60 with 40% volume of paste and granitic aggregate with
8 mm maximum particle size [14]. 12 of the 15 samples had a sawn surface, while 3 had a cast surface. The
average 10 cm cube compressive strength after 5 years was 51 MPa [14]. All tests were performed in the iceconcrete abrasion rig at NTNU’s department of structural engineering (Figure 2). The rig performs a sliding
contact type. A fixed concrete sample is exposed to horizontal movement of a cylindrical ice sample under
vertical pressure. The studied concrete samples were tested with five types of ice samples that were prepared
according different procedures [14]. The first and second types were frozen tap water in cylindrical moulds
with different diameters in a cold room at -10 °C; the third type was frozen mixture of tap water with ice slush
in a cold room at -20 °C; fourth was frozen carbonated water in a cold room at -10 °C; and the fifth sample
was drilled from ice that was grown unidirectionally in a Frost lab tank at temperature -10 °C and tank walls
were 0 °C.
The sliding distance was 500 m during the tests. Surface roughness was measured with digital indicator
Mitutoyo before and after tests. Mean abrasion rate was obtained as ratio of mean abrasion depth and effective
sliding distance.
The tests showed that only 11 samples had detectable abrasion on the concrete sample. All tests, except for
the fourth ice type, had standard deviation bigger than the abrasion rate. Therefore results obtained with the
fourth ice type are the most important. The graphical results in Figure 3 show how abrasion rate depends on
average concrete roughness. The major part of the tests gives increasing ice abrasion rate with increasing
initial concrete surface roughness. That corresponds to the increasing wear rate due to increasing surface
roughness of wearing material in [12, 13]. But the fifth ice types give decreasing ice abrasion with increasing
concrete surface roughness. The last results are most probably related to high scatter which makes the
uncertainty high particularly at low abrasion rates.

Ice sample holder,
with ice inside
Ice sliding
direction

Fixed
concrete
specime
n

Figure 2. Ice Concrete abrasion rig.
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Figure 3. Relationship concrete-ice abrasion rate and average concrete roughness.

4.

ROUGHNESS MEASUREMENT

As was said above the measurement of wear depth was made with a digital indicator. The device accuracy is
0.003 mm. The measuring grid in Figure 4(a) was used. Through this procedure coordinates of 110 points
were found, 40 among them were on a non-abraded part of the specimen and the mean depth of wear in the
abraded zone was determined. The abrasion rate (mm/km) was found as ratio of mean wear depth and effective
sliding distance.
To validate the measured result that was obtained mechanically with digital indicator, the mean wear depth
was found through post processing of a surface scan with ATOS. Figure 5 shows surface 3D scans of tested
concrete samples, done with ATOS 600 SO - 3D optical scanner at NTNU’s department of structural
engineering. Both specimens were tested in the master thesis [14] with the fourth ice type.
To find mean wear depth with surface 3D scans the GOM Inspect software was used. The mean wear depth
was found two times for different measuring schemes, Figure 4 (b,c). To allow good comparison of results all
schemes have approximately the same measurement zone.

4.1. A simplified scheme
In this measurement scheme the two best fitting planes were constructed with the Gaussian procedure of GOM
inspect. The first plane was for the all abraded area within the measurement zone. To construct this plane the
software used approximately 2400000 points. The second, reference, plane was for all non-abraded area within
the measurement zone, and approximately 900000 points were used to construct this plane. 80 points were
constructed on the first plane. Then the distances as perpendiculars from point to reference plane were found.
Average value between 80 distances gives mean wear depth, see results in Table 1.
4.2. The scheme with 10 sections
This scheme has the same principle as the above simplified scheme, but the measurement zone was divided in
ten. Each of these 10 zones had the best fitting plane for abraded and non-abraded area. As a result, there were
20 planes in total. 8 points were constructed on each Gaussian abraded plane. The x, y coordinates are the
same in both the simplified and 10 sections schemes. The distances as perpendiculars from point to Gaussian
non-abraded reference plane were found in each section. Average value between 80 distances gives mean wear
depth, see results in Table 1.

Sample No.1
Sample No.2
Sample No.1
Sample No.2

Table 1. Measurement results
Mechanical
GOM Inspect software
measurement
Simplified
Scheme with 10
with Mitutoyo
scheme
sections
Mean wear depth [mm]
0.049
0.021
0.039
0.052
0.018
0.039
Wear rate [mm/km]
0.098
0.041
0.077
0.104
0.035
0.078

1

2

(a)
1

2

|
(b)
1

2

(c)
Figure 4. Measuring schemes: (a) Measuring grid for mechanical measuring by Mitutoyo [14];
(b) the simplified scheme in GOM Inspect software; (c) the scheme with 10 sections in GOM Inspect
software. 1 – non-abraded zone; 2 – abraded zone.

(a)
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Figure 5. Surface 3D scans of tested concrete samples, w/c = 0.60 with 40% volume of paste and granitic
aggregate with 8 mm maximum particle size: (a) sample No.1; (b) sample No.2.
DISCUSSION
The ice abrasion rate of the specimens is very low in Figure 5. Still it seems that wear on concrete by ice is
associated by increasing roughness. This is not surprising considering the increasing exposure of aggregate
normally seen on abraded concrete surfaces. Furthermore, experimental studies of concrete-ice abrasion in the
lab is very demanding and time consuming when controlling the relevant parameters (load, temperatures,
speed, ice-and concrete quality, etc.). One of the most important parts of the study is the measuring procedure
of surface roughness and wear depth in each test. Comparing mechanical measured wear depths obtained with
digital indicator Mitutoyo and wear measured with an optical scanner ATOS 600 SO showed good agreement
for wear, in case of 10 sections scheme. For the simplified scheme there is 2 – 3 times difference with
mechanical measurements. One can conclude from this, that the reference plain in simplified scheme does not
correspond to reality due to surface wrap. To increase accuracy, the reference plane should be constructed for
the narrow section as in the 10 sections scheme or mechanical measurement. So far we have not made
roughness calculations with GOM inspect, though this is possible, for example in a simplified way by
extraction of selected data in 2D and application of equation (1). In [15] this was done for one sample and one
interesting observation was that the roughness Ra is larger normal to the direction of ice sliding compared to
parallel to the direction of ice sliding.
CONCLUSIONS
The influence of roughness on concrete-ice abrasion rate was studied showing that wear depth relates to
roughness, though the results are not clear (Figure 3). The major part, four of five lines give increasing abrasion
rates with increasing initial roughness. The mean wear depth of a concrete sample surface was validated with
3D optical scanner showing good correspondence (Table 1). It was concluded that 10 sections scheme gives
more reliable results then the simplified scheme. Although the mechanically measured results and those with
10 sections scheme obtained are in a good agreement, the scanner was found as a much more convenient
equipment and more work on this kind of measurement techniques will be used in our further studies.
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Abstract. The last decades the concrete-ice abrasion process has been well known as a concrete
surface degradation mechanism due to ice sliding. The topic is especially relevant for concrete gravity
based structures in the Arctic offshore.
The article presents a numerical model in which the onset of wear in the concrete-ice abrasion process
is simulated. The simulations are performed on meso-scale, which means that concrete is modelled
as a three-phase material in which paste, aggregates and the interface transition zone are
distinguished. Lattice modelling is adopted for the numerical modeling. Hertzian contact theory
which predicts excessive tensile stresses on the concrete surface due to sliding of ice asperities is
used as an analytical basis for the numerical model. It was concluded that such model is able to
capture both surface and subsurface cracking in the concrete.
Introduction
Concrete-ice abrasion is a form of wear of concrete surfaces due to moving ice that has received
attention during the last 2 – 3 decades, including experimental and theoretical research. Progress has
been made lately to understand how the softer ice can wear the harder concrete [1].
So far, the assessment of concrete ice abrasion durability has mainly been evaluated experimentally,
whereas less work has been done to model the actual degradation process. Laboratory measurements
of concrete–ice abrasion are usually performed by concrete sliding on ice, see for example [2,3] or
by ice sliding on concrete, see for example [4,5].
In this paper we present a study on the ongoing development of a FEA-model to understand the effect
of variations in material-, surface- and load parameters of concrete and ice on resulting concrete ice
abrasion. The current model is based on lattice modelling [6,7].
Modeling steps
The numerical modelling of concrete-ice abrasion is far from straight forward. It involves ice
mechanics, concrete mechanics and contact mechanics at various length scales. Moreover, the precise
underlying mechanisms are still subject to debate. For these reasons, the development of numerical
modelling is still in its exploratory phase. In the present paper the emphasis on a possible modeling
approach by highlighting and distinguishing various modelling steps.
From experiment to meso-scale. The magnitude of the concrete-ice abrasion on structures can be
in the order of 0.1 – 1 mm per year, whereas in the lab we typically produce wear in the order of 0.01
– 1 mm depth per km horizontal ice movement, depending on the concrete (strength, surface quality,
etc.) and loading (ice properties, contact stress, temperature, etc.).
This numerical study is related to laboratory experiments performed with the equipment available at
NTNU, Department of structural engineering [5]. At the NTNU lab concrete samples for laboratory
experiments are rectangular in shape, 100 by 300 mm2, with height 50 mm. A cylindrical sample of
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ice with diameter 73.4 mm slides along the upper horizontal concrete surface with a typical average
pressure of 1 MPa (Fig. 1).
The numerical modelling steps take the laboratory experiments at NTNU as point of departure. First,
it is assumed that the contact region consists of zones with a radius 10 mm. The size of 10 mm equals
an assumed size of ice crystals [8]. Assuming an optimal packing of circular zones, this leads to 41
zones, Fig. 2(a). Next, it is assumed that some of the contact zones are flat and others are spherical,
as indicated also in Fig. 2(a). It has been reported that approximately 10% of apparent ice area has a
contact with the structure, during ice-structure interaction [9]. In general, tribology assumes this value
to be below 20% [10]. By distinguishing flat and spherical contact zones, we ensured that 20% of
apparent ice area has a contact with the concrete surface. Figure 2(b) shows a spherical contact zone,
loaded by a force P which will depend on compressive strength of the ice. The modelling will zoom
in on such contact zone for further studying concrete ice asperity interaction.

Figure 1. Scheme of the laboratory test

(a)
(b)
Figure 2. a) Schematic representation of non-homogeneous contact area; b) Ice asperity and
concrete interaction

Analytical solution for the contact area. The analytical solution following from Hertz theory [11]
is used to estimate the contact area and the local pressure profile between an ice asperity and the
concrete surface. In a next step this analytical result will be used to uncouple the contact problem by
assuming a load on the concrete. It is noted that the onset of wear in concrete-ice abrasion is a result
of multiple mechanisms, which means that using the analytical solution according to Hertz can only
provide insight to a certain or limited extent.
Hertzian contact theory, of the interaction between a half sphere and flat surface is adopted. Both
materials, concrete and ice, are assumed to be elastic, homogeneous and isotropic. The deformation
of the asperity, i.e. the radius of the contact area is calculated as, [11]
1/3

 3PR 
a
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where R is the radius of the ice crystal, P the load compressing the solids and E* denotes the reduced
modulus that depends on the Poisson’s ratios and Young’s moduli of both ice and concrete [11]. The
ice load compressing the solids, P, is limited by the compressive strength of the ice, fc,ice, per contact
area [1], so that (Eq. 1) rewritten
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For a compressive strength of the ice of 50 MPa, the radius of the contact area is equal to 64.8 µm
(Fig. 3). According to the Hertzian theory, the pressure at the center of the contact circle, p0, is 50%
larger than the average pressure on the asperity (Eq. 3). It is assumed that the average pressure is
restricted by the physical limit of the ice which is equal to ice compressive strength, fc,ice

p0 

3
f c ,ice
2

(3)

This gives a maximum pressure at the center of the contact circle. Further distribution of normal
pressure is given by Hertz theory as a function of the contact radius (Eq. 4), with the assumption that
we neglect any interaction between normal pressure and tangential traction arising from a difference
in elastic constants of the two solids [14]. The tangential traction is derived according to the law of
dry friction (Eq. 5).

p (r )  p0 (1  (r / a ) 2 )1/2

(4)

q (r )   p0 (1  (r / a ) 2 )1/2

(5)

Decoupling the contact interaction. From here on the contact interaction between concrete and ice
is decoupled. This means that the two materials are modelled separately. It is assumed that the contact
conditions, like contact area and contact pressure, are preserved through Hertz contact theory. The
modeling is now focused on the concrete with an assumed pressure profile, (Fig. 4a).
2D representation. 2D representation. Fig. 4 also illustrates a subsequent modelling step; the 3D
contact problem is simplified to allow the 2D modelling of a thin slice of 20 μm. A 2D plane stress
state is assumed. The appropriateness of this assumption is clearly subject for debate. The nodal
equivalent forces in the contact area have been calculated. Even though a thin slice of concrete is
modelled, the width of the entire contact area is used to calculate the nodal equivalent forces.

Figure 3. Scheme of pressure distribution on a contact zone.
A 2D regular lattice model is used. The contact pressure is discretized into nodal equivalent forces,
(Fig. 4b). The size of the lattice elements is set to 20 μm. This allows for a reasonable approximation
of the contact stress distribution in the discretized model. A 2D slice of the concrete sample of 2 × 2
mm2 is modeled. The selected element length of 20 μm leads to manageable computation times.

(a)
(b)
Figure 4. a) Schematic slice of 3D contact problem; b) 2D model with simply supported edges.
Figures at not at scale: the extend of the concrete region is larger in the model.
Boundary conditions. Hertz theory assumes that the radius of the contact area is small compared to
the radius of the asperity. It also assumes that the contact behavior occurs very locally and is not
influenced by edges. The simply supported edges are applied in the numerical simulations (Fig. 4(b)).

Materials. Since the numerical study is related to laboratory experiments, the properties of concrete
were chosen as B60 and B70, which are often used in the experiments. All simulations, besides one,
have been modeled with inhomogeneous properties for the concrete. For the inhomogeneous models
three phases of concrete are distinguished: cement paste, ITZ (interfacial transition zone) and
aggregates. The elastic properties of B60 and B70 concrete are summarized in Table 1. The grain
size distribution of aggregates within the slice of concrete was taken from the lower part of typical
0/8 mm sand with a volume fraction of 50% in the concrete. The properties of ice are a the
compressive strength, fc,ice = 50 MP and modulus of elasticity, Eice =10∙103 MPa.
Table 1. Elastic properties of B60 and B70
Component

E [MPa]

ft [MPa]

fc [MPa]

7.5
3.7
14

-74.4
-74.4
-200

10.2
5.1
14

-102.2
-102.2
-200

B60
Cement paste
ITZ
Aggregates

43000
21500
50000
B70

Cement paste
ITZ
Aggregates

50500
25300
50000

Results and discussion
A few analysis results are presented and discussed shortly in the sequel.
Homogeneous versus heterogeneous modeling of concrete. Cracking in the homogeneous and
heterogeneous model shows significant differences, (Fig. 5). The only cracks which occur in the
homogeneous model, are small surface cracks at the front and back edge of the contact. The
heterogeneous model shows some significant cracking, which are mainly localized along the ITZ.
Subsurface cracking turns out to be more significant in magnitude than surface cracking.
Influence of friction coefficient. The coefficient of friction influences the load at which surface
damage occurs. For an increasing coefficient of friction, the surface cracks arise at a lower load (Fig.
6):
• μ=0.05: surface crack initiation at load step 100 ~ 67 % of loading;
• μ=0.1: surface crack initiation at load step 50 ~ 50 % of loading;
• μ=0.2: surface crack initiation at load step 20 ~ 15 % of loading.
Concrete quality. Figure 7 shows the final crack patterns for the cases with B70 and B60 concrete.
A similar crack pattern is observed. For the B60 concrete a more pronounced subsurface cracking is
observed.
Roughness. Since the concrete surface is not perfectly smooth as was assumed above, the next
simulation cases explore the concrete surface roughness effect. As a reference, the smooth surface
model for B60 is considered. Figure 8 shows the damage evaluation for three subsequent loading
steps. Next a simplified surface roughness is considered by assuming rectangular grooves. The
grooves have a width of 0.3 mm and a depth of 0.06 and 0.1 mm for Profile 1 and 2 respectively. The
cracking mechanism for the rough model with roughness profile 1, Figure 9, is similar to that of the
smooth model; subsurface cracks propagate through the cement paste and along ITZ’s. The
subsurface crack profile is similar to the crack profile of the smooth model. Differences are apparent
when the cracks reach the surface. Also the subsurface cracking pattern of profile 2, Figure 10,
coincides well with the subsurface cracking patterns found in both the smooth model and in the rough
model with surface profile 1. Apparently, the depth of the adopted grooves is insufficient to cause
significant deviations in the subsurface cracking behavior.

(a)
(b)
Figure 5. (a) Crack pattern homogeneous model, (b) Crack pattern heterogeneous model (both during
the final load step)

(a)
(b)
(c)
Figure 6. (a) Crack pattern for μ=0.05 at load step 100, (b) Crack pattern for μ=0.1 at load step 50,
(c) Crack pattern for μ=0.2 at load step 20

(a)
(b)
Figure 7. (a) Cracking pattern B70 concrete, (b) Cracking pattern B60 concrete (both during final
load step)

Figure 8. Crack patterns of the default smooth model as the loading increases

Figure 9. Crack patterns of the model with surface profile 1 as the loading increases

Figure 10. Crack patterns of the model with surface profile 2 as the loading increases
Conclusion
It can be concluded that a numerical model that simulates (sliding) contact between concrete and ice,
can potentially be used to model the onset of wear during the concrete-ice abrasion process. The
current model focusses on the scale of tens of μm. Both the loading distribution caused by ice
asperities and the inhomogeneity in the concrete were considered at this scale. Many modeling steps
were required to come to the current model. Many of these steps we were not explicitly verified. It is
even unclear which of the modelling steps are critical. This illustrates the exploratory character of
the current modelling stage. With this is mind, some preliminary conclusions could be drawn.
 The inhomogeneous models reveal subsurface cracking. A homogeneous model for concrete
is unable to capture subsurface cracking.


The model captures surface cracks even when the reduced properties of the ITZ of the
concrete are not taken into account.



The model provides insight in the (relative) magnitude of cracking and the order of cracking
in various concretes, under various loading conditions.



The current model does not provide information on the influence of surface roughness.

Further development of the numerical modeling is envisioned. Various improvement will be
considered including:
 The basic assumption of the load transmission through the ice at the scale of mm and μm;


The justification of quantification of real versus apparent contact areas;



The quantification of the compressive strength of ice at the scale of mm;



The appropriateness of the used discretization method.



The impact of full 3D modelling.



The influence of the cyclic nature of wear by including load reversals.



Comparison of damage characteristics from experiments.
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ABSTRACT
Concrete-ice abrasion is a concrete surface degradation mechanism due to ice-structure interaction.
The topic is especially relevant for concrete gravity-based structures in the Arctic offshore.
Experiments have become the main evaluation method for concrete durability under ice abrasion.
The paper presents concrete-ice abrasion experiment between sawn concrete surface (cubic
compressive strength is 90 MPa) and unidirectional fresh water ice. The experiment included two
experimental conditions, with varied temperature of the concrete surface.
Results demonstrate the load cells response, coefficient of friction and abrasion depth. Based on our
results and observations we identified wet and dry abrasion types. The first type caused most damage,
whereas second one caused minor damage.

KEY WORDS: Concrete; Ice; Abrasion; Experiment.

INTRODUCTION
The concrete-ice abrasion process has been studied for the last 30 years, and has been defined as the
surface degradation of concrete structures due to interaction with drifting ice floes. Several research
groups have studied this topic through laboratory experiments (Huovinen, 1993, Bekker et al., 2011,
Hanada et al., 1996, Fiorio, 2005, Møen et al., 2015, Tijsen et al., 2015) and field observations (Itoh
et al., 1996, Huovinen, 1993). Hara et al. (Hara et al., 1995) recommended the concrete-ice sliding
abrasion test, during evaluation of various test methods of concrete-ice abrasion resistance. And so
far most experimental work has been based on the sliding interaction between ice and concrete,
whether ice on concrete (Fiorio, 2005, Møen et al., 2015, Saeki et al., 1986) or concrete on ice (Hoff,
1989, Bekker et al., 2011, Tijsen et al., 2015, Itoh et al., 1988).
Our experimental method is based on the sliding of an ice sample along a fixed concrete sample, and
controls exposure, measures relevant response parameters during concrete-ice interaction including
concrete-ice abrasion with a non-contact laser scanner.
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EXPERIMENT
This experimental studying included the abrasion machine for simulation of concrete-ice abrasion,
and a laser scanner for further measuring of abrasion wear. The experimental equipment is described
below together with the employed concrete and ice.
Abrasion Machine
The abrasion machine (Figure 1(a)) simulated concrete-ice abrasion according to the principle in
Figure 1(b), with a sliding ice specimen along a fixed concrete sample.
The machine makes the ice sample holder move in repeated sliding movements in a horizontal
direction, with the average velocity 0.16 m/s. The piston (Figure 1(a), no 3) continuously pushes the
ice sample against the concrete surface with 1 MPa load. A feedback system keeps the loading as
constant as possible during the test while moving back and forth. The temperature in the concreteice abrasion lab is kept at temperature of −10 °C.
The concrete sample temperature control goes through an aluminum heating plate that is below the
concrete sample (Figure 1(a), no 7). The plate is connected to a controlled temperature liquid
(alcohol) circulator. This means that the temperature of the concrete surface in the concrete-ice
abrasion zone can be adjusted. The temperature of the concrete surface in the contact zone was
measured with an infrared scanner. More detailed information about the components of the abrasion
machine is given in (Shamsutdinova et al., 2015).

(a)
(b)
Figure 2. The concrete-ice abrasion machine: (a) photo, (b) principal scheme.
Laser Scanner
Recently, we developed a non-contact Laser Scanning method (Figure 2(a)) to measure concrete-ice
abrasion. It allows scanning of the concrete surface with accuracy 10 µm in reasonable time. The
laser moves continuously along the sample according to a predefined “snaking” path. The measuring
point distance is approximately 50 µm in the Y direction, and the step size in the X direction is 1 mm
(Figure 2(b)). The measured data is transformed to a matrix of surface heights, with 1900x300 points.

(a)

(b)

Figure 2. Laser scanner: (a) photo; (b) simplified schematic
of measurement process (not to scale).
Ice
Our abrasion machine is designed for fresh-water cylindrical ice samples. We used unidirectionally
grown ice made from tap water, which can easily be reproduced in other laboratories.
An ice mould made of Polyoxymethylene (POM) 13.3 mm thick and 370 mm high (Figure 3(a)) and
covered with thermo isolation on the sides and the bottom is filled with tap water and put in a freezer
at −20 °C for 48-72 hours. The freezing of the water starts at the top of the mould, but later it also
takes place from the bottom (Figure 3(b,c)). The upper part of the ice sample is transparent
(unidirectionally grown ice) with very few air voids. The lower part of the ice sample contains a lot
of air voids and unfrozen water. The ice sample is cut in two, and only the upper part is used for the
test (Figure3(d).

(a)
(b)
(c)
(d)
Figure 3. Schematic of ice production: (a) ice mould with isolation;
(b) ice sample after 48 hours; (c) ice sample after 72 hours; (d) ice sample for the test.
Concrete
The tests were carried out with two concrete samples made of Norcem Anlegg (CEM I) cement (with
2% Elkem silica fume substitution) with fine aggregate (Årdal sand, 0-8 mm grain size) and coarse
aggregate (Årdal, 8-16 mm grain size). The mix was made with the following proportion:
W/(C+2S)=0.42, where W, C and S are the weight of water, cement and silica fume powder,
respectively. The cement paste volume was 29.5%. Superplasticizing additive Dynamon SX-23 from
Mapei was used to achieve target workability.
The 28-day cube compressive strength of the concrete was 90 MPa. Samples were cured in water at

+20°C for 11 months, reaching 110 MPa cube compressive strength by the start of the test.
Experimental Conditions
As was said above, the tests were performed in the abrasion laboratory at air temperature -10°C. The
ice pressure was 1 MPa. The average sliding velocity was 0.16 m/s. The experiment was performed
on two concrete samples with varied temperature of concrete surface in the sliding zone. The
temperature variation went through aluminum heating plate (Figure 1(a), no 7). Sample 1 had surface
temperature +2°C at the start of the test, and Sample 2 had surface temperature -4°C at the start of
the test. Both samples had sawn concrete surface.
RESULTS
The data acquisition system logged horizontal and vertical load cells responses during the test at 500
Hz frequency. The absolute coefficient of friction (COF) is plotted in Figure 4 for two samples. The
highest COF corresponds to the turning points of the ice specimen where the ice sample makes a full
stop. We distinguished the coefficient of kinetic friction during sliding interaction, and the coefficient
of static at the turning points. The coefficient of kinetic friction varied in the range 0 to 0.02, whereas
the coefficient of static friction varied from 0.05 to 0.10. Figure 4 shows that Sample 2, with concrete
surface temperature -4°C, resulted in the smallest COF.

Figure 4. Coefficient of friction for two tested samples.
Figure 5 demonstrates the result of surface scanning before and after 4 km of abrasion test. On the
left side, before the test, the concrete surface has diamond saw blade traces. On the right side, after 4
km of abrasion test, the concrete surface became rougher.

Figure 5. Scans of Sample 1, before abrasion test and after 4 km of abrasion test
(half of the scanned sample).
Based on the surface measurements, abrasion was found as difference between the unabraded rim of
the concrete sample and an abraded central band of 10 mm wide as done with mechanical
measurements in (Møen et al., 2015). However, a much higher number of data points was collected
with the laser scanner, so the calculation here was done for each millimeter of concrete sample length.
Figure 6 shows the average profile of the abraded central band (10 mm wide) along the sample length,

before and after 4 km abrasion test. The difference between dashed and solid lines shows the abrasion.
The spikes, in Figure 6, corresponds to the air voids.

Figure 6. Average profile, of the central abraded band (10 mm wide), of sawn concrete surface
along the sample length before and after 4 km abrasion test.
Figure 7 shows average abrasion rate for two samples. The abrasion for Sample 1 with the surface
temperature +2°C at the start of the test is much higher than for Sample 2 with the surface temperature
-4°C at the start of the test.

Figure 7. Abrasion of sawn concrete surface from zero to 1 and 4 km.
DISCUSSION AND CONCLUSION
The measured coefficient of kinetic friction is of the same magnitude as test results of other concreteice abrasion tests with the same sliding speed (0.16 m/s): 0.00 – 0.01 and 0.06 respectively (Møen et
al., 2015, Itoh et al., 1988). Where Itoh et al. used ice pressure 0.2MPa, that is ¼ th of the present test.
The results of abrasion depth were found similar to previous study Møen et al. where concrete
samples with cylindrical compressive strength from 72.8 to 147.8 MPa under similar experimental
conditions had maximum abrasion rate 0.025 mm/km of effective sliding distance.
Based on our results and observations we distinguished between two types of concrete-ice abrasion
exposure: wet and dry, corresponding to Sample 1 and Sample 2 respectively. Dry abrasion happened
when the concrete sample had surface temperature -4°C at the start of the test. Ice filled the
unevenness on the concrete surface during the first few sliding cycles, and all further sliding was
between ice and ice.

In case of wet abrasion, the temperature of the concrete sample surface was +2°C at the start of the
test, and it fluctuated between −1.8 and −2.6 °C during the abrasion test. There was a constant thin
film of water on the concrete surface, with minor icing spots, during the test.
We conclude that wet abrasion test causes more wear than dry. It means that the concrete surface
temperature control system is an important element of the experimental method.
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ABSTRACT
Concrete-ice abrasion is a surface degradation mechanism due to ice-structure interaction especially
relevant for concrete gravity-based structures in the Arctic offshore.
Experiment is the main evaluation method for concrete durability against ice abrasion. The paper
presents NTNUs lab facilities and a 4 km concrete-ice abrasion test between a sawn concrete surface
with fc cube = 110 MPa and unidirectionally grown fresh water ice. Results demonstrate the load cells
response, coefficient of friction and a 0.03 mm/km abrasion rate measured with laser scanner. Further
research is discussed.
Key words: Surfaces; Concrete; Ice; Abrasion; Experiment; Testing.
1.
INTRODUCTION
The concrete-ice abrasion process has been defined as the surface degradation of concrete structures
due to interaction with drifting ice floes. Several research groups have studied this topic through
laboratory experiments [1,2,3,4,5,6] and field observations [1,7]. Hara et al. [8] recommended the
concrete-ice sliding abrasion test, during evaluation of various test methods of concrete-ice abrasion
resistance. Most experimental work the last 30 years has been based on the sliding interaction
between ice and concrete, whether ice on concrete [4,5,9,10] or concrete on ice [2,5,11,12].
Our experimental method is based on the sliding of an ice sample along a fixed concrete sample. It
controls exposure and measures relevant response parameters during concrete-ice interaction,
including concrete-ice abrasion with a laser scanner. We used a concrete sample with a sawn surface,
same as [5]. The wear rate of a surface with exposed aggregates is of great importance for the
durability against concrete ice abrasion [12] and sawing also ensures a standard type of test surface.
2.
EXPERIMENT
The experiments presented here include the simulation of concrete-ice abrasion with an abrasion rig,
and laser scanner measurements of abrasion. The tests were performed in the abrasion laboratory at
air temperature -10°C. The ice pressure was 1 MPa. The average sliding velocity was 0.16 m/s.
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2.1. Abrasion machine
The abrasion machine simulated concrete-ice abrasion according to the principle in Fig. 1(a), with a
sliding ice specimen along a fixed concrete sample. The machine makes the ice sample holder move
in repeated sliding movements in a horizontal direction, with the average velocity 0.16 m/s. The
piston continuously pushes the ice sample against the concrete surface with a 1 MPa load. A feedback
system keeps the loading as constant as possible during the test while moving back and forth. The
temperature in the concrete-ice abrasion lab is kept at −10 °C. The concrete sample temperature
control goes through an aluminium heating plate below the concrete sample. The plate is connected
to a controlled temperature liquid (alcohol) circulator. This means that the temperature of the concrete
surface in the concrete-ice abrasion zone can be adjusted. The temperature of the concrete surface in
the contact zone was measured with an infrared scanner.
2.2. Laser scanner
Recently, we developed a non-contact Laser Scanning measuring method (Fig. 1(b)) to measure
concrete-ice abrasion. It allows scanning of the concrete surface with accuracy 10 µm in reasonable
time. The laser moves continuously along the sample according to a predefined “snaking” path. The
measuring point distance is approximately 50 µm in the Y direction, and the step size in the X
direction, the sliding direction, is 1 mm (Fig. 1(b)). The measured data is transformed to a matrix of
surface heights, with 1900x300 points.

(a)
(b)
Figure 3 – (a) The principal scheme of an abrasion test, (b) simplified schematic of measurement
process (not to scale)
2.3. Ice
Our abrasion machine is designed for fresh-water cylindrical ice samples. We used unidirectionally
grown ice made from tap water. An ice mould made of Polyoxymethylene (POM) 13.3 mm thick and
370 mm high and covered with thermal insulation on the sides and the bottom is filled with tap water
and put in a freezer at −20 °C for 48-72 hours. The freezing of the water starts at the top of the mould,
but later it also takes place from the bottom. The upper part of the ice sample is transparent
(unidirectionally grown ice) with very few air voids. The lower part of the ice sample contains a lot
of air voids and unfrozen water. The ice sample is cut in two, and only the upper part is used for the
test.
2.4. Concrete
The tested concrete sample was made of Norcem Anlegg (CEM I) cement and 2% Elkem silica fume
substitution, fine aggregate (Årdal sand, 0-8 mm grain size) and coarse aggregate (Årdal, 8-16 mm
grain size). The mix was made with the following proportions: W/(C+2S)=0.42, where W, C and S
are the weight of water, cement and silica fume powder, respectively. The cement paste volume was
29.5%. Superplasticizing additive Dynamon SX-23 from Mapei was used to achieve flowing
workability. The 28-day cube compressive strength of the concrete was 90 MPa, increasing to 110
MPa after curing in water at +20°C for 11 months, as the test started.

3.
RESULTS
The data acquisition system logged horizontal and vertical load cells responses during the test at 500
Hz frequency. The coefficient of friction (COF) is plotted in Fig. 2(a). The highest COF corresponds
to the turning points of the ice specimen where the ice sample makes a full stop. We distinguished
the coefficient of kinetic friction (0-0.2) during sliding interaction, and the coefficient of static
friction (0.05 – 0.10) at the turning points.
Laser scanning gave abrasion as the difference between the unabraded rim of the concrete sample
and an abraded central band of 10 mm width as done with mechanical measurements in [5]. However,
a much higher number of data points was collected with the laser scanner, so the calculation here was
done for each millimeter of concrete sample length and each 50 microns across the 10 mm wide
central band. Figure 2(b) shows the abrasion of sawn concrete sample.

(a)

(b)
Figure 2 – (a) Coefficient of friction, (b) abrasion of sawn concrete surface.
Figure 3 shows the average profiles of the abraded central band (10 mm wide) along the sample width
(Fig. 3(a)) and length (Fig. 3(b)), before and after 4 km abrasion test. The difference between two
lines shows the abrasion.

(a)
(b)
Figure 3 – Average profiles, of the central band (10 mm wide), of the sawn concrete surface before
and after 4 km abrasion test: (a) along y-direction, (b) along x-direction (see inserts).
4.
DISCUSSION AND CONCLUSION
The measured coefficient of kinetic friction is of the same magnitude as test results of other concreteice abrasion tests with the same sliding speed (0.16 m/s): 0.00 – 0.01 and 0.06 respectively [5,12].
The results of the abrasion depth were found similar to the previous study by Møen et al., where
concrete samples with cylindrical compressive strength from 72.8 to 147.8 MPa under similar
experimental conditions had a maximum abrasion rate 0.025 mm/km of effective sliding distance.
Beside coefficient of friction and wear rate, the ice failure mode, concrete surface roughness and
wear particle characteristics are in the focus of our interest and being investigated in further works.
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Annex B
Database and supplementary
information

The greatest part of this PhD is experimental work. For further research and potential use
of these results they were stored in database. Moreover, all necessary supplementary materials
of this research are also provided there. The link to the data base:
https://studntnumy.sharepoint.com/:f:/g/personal/sja_ntnu_no/Eoq5_wpCFY9KgP6JI8onTmQBXY66VrUQOe
Zsu_QHVUSRww?e=5PJgoI
Database structure:
Read_me file
1. Test results
Test result for each sample (17 samples)
Laser
Raw data
Meshes no filtering
Rig
Raw data
1, 2, 3 km
Friction (Time, Position,Fx, Fy) (per each ice sample)
Parameters (sliding distance, vertical position of the
piston, N of cycles, temperature) (per each ice sample)
Data
1, 2, 3 km
T (T-time, Fx, Fy, P-position, m-COF ,am-absolute COF,
V-velocity)
Laser surfaces results (0, 1, 2, 3 km)
Abr.m (file for calculation of abrasion)
Matlab scripts
Filter.m – filter the surface measured by laser
Create_table.m – create a table (Time; detrend Fx; Fy; Position; COF; abs COF;

Velocity) out of raw Friction data
COF_Static_Kinetic.m – Coefficient of friction on static and kinetic from
created table
Abr.m – Abrasion for laser surface
Create mesh out of laser measurement.txt
Surface parameters.txt
2. Concrete
proportioning B70 5%air
proportioning B75
proportioning B85
proportioning LB60
Repair Mortar (mapefillnlh-gb)
Sintef report
Sintef ASTM 666.xlsm
3. Manuals

Ice production and storage
Operation of Abrasion Machine
Laser Scanning procedure
4. Photo
Abraded vs non-abraded surface B75 (sawn)
Abrasion machine
Concrete wear particles B75 (sawn)
Ice density measuring
Ice samples and ice fragments
Ice thin sections
Laser scanner (laser sensor and linear sliders)
5. Video
LB60 sawn spallation
LB60 sawn start of test spallation
Feseabitity measurements of surface temperature with IR FLIR (smartphone
camera)
pilot test (old copper plate)
Start the test
thin section of ice sample 1
thin section of ice sample 2
thin section of ice sample 3
thin section of ice sample 4
6. PowerPoints
Experimental Set-up of concrete-ice abrasion test
Ice production procedure
Thin section of ice samples
Laser scanner set-up

