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We are involved in a project whose objective is 
to determine the relative importance of the two 
components of binding between ice and concrete, 
namely: the actual microscopic forces between 
water and substrate molecules; and mechanical 
interlocking of ice with a porous surface. 
Tensile interfacial-strength tests of ice-concrete 
are being performed, as well as a fundamental 
examination of adsorption isotherms and 
immersional heats of wetting. Bulk strength 
tests of ice are also being conducted in order 
to characterize the samples. Results obtained 
to date are: (1) Bulk ice compressive strengths 
(typically 36 Kg/cm 2), tensile ringstrengths 
(13 Kg/cm 2) and flexural strengths (11 Kg/cm2), 
show good agreement with previous work of others 
on lake ice. (2) The interfacial tensile 
strength, S, for pure ice-concrete shows no 
dependence upon percentage air entrapment in the 
concrete in the range 2 to 8% air, suggesting 
that the total binding force is nearly independent 
of pore structure. Below -7 C, S is nearly 
independent of temperature, typically 8.3 Kg/cm 2 . 
Above -70C, preliminary results indicate that S 
is significantly lower, 6.1 Kg/cm 2. A model is 
proposed by which, with a more complete data 
base, one should be able to determine the 
relative importance of the ice-concrete adhesion 
mechanisms. 

1) Problem Studied 

To date there have been a large number of reports 
on techniques for ice and snow removal; a list of a 
good many reports up to and including 1972 are given 
In CRREL Special Report 115' and EPA-R2-72-1252 . 
Studies carried Out to date have a strong practical 
bias and the conclusions are empirical3' ' '. Our 
Proj act takes a more basic approach. While the over-
all practical objective of prevention or removal of 
ice from a highway surface is kept in mind, we are 
primarily concerned with developing a more funda-
mental understanding of the problem of ice adhesion 
to concrete and asphalt. We are looking at It from 
the point of view of the forces between atoms and 
molecules and the energies of monomolecular layers. 

Inimediately one sees that the problem is complex. 
Surface micro-and macro-structure, temperature, 
contaminants, freezing mode and bulk properties of 
ice all interact in ways that are mostly unknown. 
In order to help identify the interactions, and 
hence provide an aid to clearer planning of our 
attack on the problem, the interaction flowchart 
shown In Figure 1 was developed. The basic premise 
of this device is that the total binding force between 
ice and a porous surface has two components: the 
actual microscopic forces of cohesion between the 
water molecules and the substrate molecules, and the 
macroscopic forces derived from the mechanical inter-
locking of the ice with the porous surface. When 
the components and interactions are broken down in 
this manner, the basic variables of the problem 
become clear: macro- and micro-surface structure of 
the substrate, surface composition, surface 
contamination, water purity, freezing mode, and 
temperature. In terms of interfacial, testing, 
factors such as testing mode (shear or tensile), 
uniformity of stress distribution, and rate of 
loading also become factors. 

The first objective of our investigation was to 
discern the relative role of cohesive forces and 
mechanical inerlocking forces. Adhesion is intrinsi-
cally derived from normal, tensile forces. Therefore 
tensile interfacial strength tests, in combination 
with interfacial simulation, were selected as the 
primary investigative tool. Additional, tangential 
components of force, derived from interactions 
between ice and surface asperities during a shear 
test, are thereby avoided. 

Fundamental examination of the cohesive forces is 
being performed using adsorption isotherms (gravl-
metric) and immersional heats of wetting. The latter 
measurement provides a measurement of the total 
surface energy of interaction between water and the 
various components of concrete and asphalt, whereas 
the isotherms provide more information about the 
first adsorbed monolayer. Table 1 summarizes the 
overall experimental program which is underway. 

Full scale interpretation of the results will not 
be attempted until a greater data base has been 
completed. Several alternative models and consider-
ations are however, developing from the results 
obtained to date and from the literature survey 
performed. Primary sources are the work of 
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Figure 1. Dependency and Interaction Flowchart 

Numbers correspond 
to experiments listed 
in Table I 

Table 1. Summary of Program Tasks 

Task No. 	 Test Methods 

1 	Bulk strength 	a) Compressional 

of ice 	 b) Flexural 
c) Ring test 

2 	Tensile 	 a) Embedded rope 

Test of concrete/ice b) Concrete holder 
Interface 

Purpose 

Classify samples 
Corroberate existing 
data 
Obtain data for parameters 
of specific interest 

Discern role of mechanisms 
Determine dependence 
on parameters 
Provide discriminatory 
information for various 
models 

Determine adsorption 
characteristics 
Determine heats of 
adsorption (binding agency) 

a) Determine heats of 
wetting 

a) Simulate behaviors found in 
task 2, particularly discern 
the role of mechanisms 

a) Correlate contact angle 
with interfacial 
strength 

a) Record and classify 
surface structures 

3 	Mass adsorption 
	a) Differential 

Isotherms - 
	 microbalance 

Parameters 

Method of growing 
Freezing rate 
Impurity type and 
concentration 

Surface composition 
Surface preparation 
(including contaminants) 
Temperature 
Water/Solution type 
Freezing rate 

a) Components of 
substrates 

Components of substrates 
Water/Solution type 

Surface composition 
Surface preparation 
Water/Solution type 

Surface composition 
Surface preparation 



Jellinek 7 ' 8 '9  and Raraty and Taborlo. Their 
investigations of ice adhesion to stainless steel 
and plastics are, of course, not directly applicable 
to ice/concrete adhesion. Nevertheless they do 
provide very useful information, as will be indicated 
below. Of particular interest are their descriptions 
of the differences between shear and tensile 
strengths. Interfacial region models such as the 
disordered, or liquid-like, layer model8 '11 '12  and 
the grain boundary diffusional models,'°''3  can be 
applied to a concrete-ice interface since they 
provide a theoretical reference against which to 
compare our data. 

Tasks Accomplished 

Most of the research effort has been directed 
towards tasks 1 and 2 (Table 1) during this first 
half of our program. Mass adsorption isotherm, heats 
of wetting and contact angle measurements are in 
progress, but will not be reported here. 

Studies on the bulk and adhesion properties of 
ice have been made for pure ice. This has involved 
construction of the test and sample preparation 
facilities. Methods of producing good samples for 
the bulk samples and for distribution of the stress 
in tensile test samples have been developed as 
discussed in the next section. The dependence of 
interfacial strength on surface composition, surface 
preparation, freezing rate and temperature have 
been investigated for pure water ice on concrete. 

Experimental Procedures 

a) Preparation of Samples for Bulk Property Tests 

All samples have been prepared from distilled, 
deionized water which has been de-aerated by boiling 
for about one hour. They were solidified in 
Plexiglas molds with aluminum bases. The cross-
section of the mold was circular, square or annular 
depending upon the test involved. Compressional 
test samples were nominally 7.5cm diameter by 15cm  

high; flexural test samples were nominally 5x5xl5cm 
long; ring test samples had outer and inner diameters 
of 7.5cm and 2.5cm respectively and were 6.5cm thick. - 

Molds were filled carefully with water (so that 
the least possible amount of air is introduced) and 
then placed in a domestic-type freezer. Heat is 
primarily conducted away from the water through the 
aluminum base. Foam insulation was placed around 
the sides of the mold and a low intensity radiative 
source placed above it. This arrangement prevented 
freezing at the top of the mold and allowed the 
sample to be formed at a single planar growing 
surface. Unfortunately, regardless of the pre-
cautions taken to de-aerate the water, the ice 
contained streaks of air bubbles. 

Several modifications to the freezing technique 
have been tried. A modification of the technique 
developed by Bilgram'" for growing heavily doped 
ice samples was successful. This is illustrated 
in Figure 2. It involves the production of a gentle 
convective current in the melt. Heat is dissipated 
in the upper layers of the water. The lower, colder 
layers become buoyant. Gentle convective stirring 
results, and sweeps away gas molecules which would 
otherwise accumulate at the growing surface. As 
the surface advances, the power dissipation in the 
water is gradually reduced. Samples are produced 
which are completely free from bubbles. Therate 
of heating can also be used to regulate the overall 
rate of growth of the samples. 

b) Bulk Property Test of Ice. 

These tests were performed primarily to classify 
the particular quality of ice produced for the 
interfacjal tests. Since few specific test procedures 
for ice have not been laid down, the methods used 
were adaptations of accepted procedures. All tests 
were carried out on a Tinius Olson 400,000 lb. 
testing machine equipped with a simple environmental 
chamber as shown in Figure 3. The chamber was cooled 
by a Neslab RTE-4 circulating temperature bath with 
methanol used as the cooling fluid. Temperatures 
down to -23 C could easily be maintained to within 
± 1/20C - a calibrated thermistor monitored the 
actual temperature of the enclosure and the sample. 
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The three modes of testing were patterned as 

follows: 
Compression Test - based on compression test for 

concrete ASTM C39. 
Flexural Test - based on flexural test for concrete 

ASTM C78. 
Tensile Ring Test - based on a ring tensile strength 

test for ice described by Burkovick' 
S and by 

Graystone and Langleban''. 

c) Tensile Interfacial Tests. 

To accommodate these tests, some device for 
clamping the concrete or asphalt bases was needed, 
together with a means of transmitting tension to the 
ice. Because of apace limitationa it was not 
pos'sible to do this within the environmental chamber 
on the compressional test facility. There was also 
the consideration of temperature control. Sufficient 
space was provided by mounting a Cal-Tester Model 
TH-5 5000 lb. tester outside a freezer and having 
the loading members pass through its side as shown 
in. Figure 4. This arrangement was convenient from 
the sample handling standpoint, and kept the test 
machine itself at room temperature. Temperature 
control inside the refrigerator was achieved by 
combination, of the freezer thermostat and a variable 
heat source inside the freezer. Air circulation 
was maintained by a fan to promote uniformity of 
temperature. Temperatures in the range -250C to 

0 C were available. 
The test procedure has been based on the ASTM 

Standard Test Method for Tensile Properties for 
Adhesive Bonds D 897. 

+c+ 

Freezer 

Figure 4. Tensile Testing Facility. 

Previous tensile tests on relatively small single 
crystal ice samples utilized a cup-like arrangement 
for attachment' . This scheme works well for 
relatively small samples. The present test program 
was designed around 7.5cm diameter concrete 
specimens. This particular size was chosen because 
of its preferred use for concrete testing. Also, 
with the variability of aggregate size, density and 
distribution, tensile tests on small diameter samples 
would be open to gross statistical fluctuations. 
Preliminary tests indicated that fracture of the 
bulk ice due to non-uniform stress occurs readily in 
samples of larger sizes. Some means had to be 
found to distribute the stress. 
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Figure 5. Sample Configurations Designed to Apply 
and Distribute Tensile Stress. 

using nylon rope 
using shaped concrete cylinder 

The first successful scheme utilized a nylon 
climbing rope which had been frayed. Figure 5a 
shows the best configuration which has the rope 
doubled, knotted, and then frayed. Although cracking 
occurs in the ice block, breaks are being achieved 
which involve ice contacting the surface. Schemes 
involving conical blocks of ice, which are consider-
ably more difficult to fabricate, have not produced 
better results. 

Since the bonding of ice to concrete is so 
strong, the use of two concrete surfaces wastried. 
A configuration much like that used by Ravaty and 
Tabor'°  for ice to stainless steel adhesion was 
employed. The main drawback to this scheme is the 
modification of the ice by the concrete. As liquid 
water is applied and soaks into the concrete, some 
gases are apparently dissolved into the water. As 
a result, as the ice is formed, bubbles collect 
under the upper surface and produce a weak joint. 
To overcome this problem the specially shaped upper 
block can be used (Figure Sb). If water is simply 
poured into the interspace, bubbles still collect 
and weaken the upper joint. But if ice is formed 
on the lowest sample face first, and then the warm 
upper block allowed to melt down the ice, a good 
joint can be formed. The melted ice flowing over 
the concrete surface apparently carries air bubbles 
away. 

Interfacial tensile strengths, S, given in 
Table 3 below, were obtained by the rope method. 
Data given in Table 4 for the investigation of 
surface smoothness were obtained with a concrete 
bloèk. Strengths obtained by this latter method 
include higher values than those obtained with ropes, 
but they also include much more variation. The 
concrete support method gives results which are 
highly dependent upon operator technique in fabri-
cating the upper joint. 

Sample temperature is an impottant parameter, and 
should be known fairly accurately. This is especially 
true for the interfácial tests. Here the important 
temperature is that of the actual interface, and an 
actual measurement in that layer would be preferred. 
However it was inconvenient and undesirable to place 
a thermocouple or other thermometer in each of the 
samples. Considerable additional sample preparation 
time and cost would' be incurred, in addition to' 



possible disruptive mechanical effects. Tests were 
carried Out to determine the equilibrium time for 
bulk ice and interfacial test samples. In both 
cases the time constant involved in the exponential 
approach to equilibrium was about 20 minutes. Thus 
samples are now maintained at the test temperature 
for a period of 1 hour prior to the test to ensure 
that the whole of the sample has acquired the 
desired temperature. 

4). Results 

The results obtained to date are summarized in 
Tables 2, 3 and 4. All bulk tests were carried out 
at nominally -5, -13, and -21°C; all tests were within 
10 of these temperatures. A few additional tests 
are in progress; at -130C compressive tests; flexural 
and ring tests at -50C. 

As noted above, all the interfacial tests shown 
in Table 3 utilized the rope method. It is important 
to note that all failures have been of the cohesive 
type8 ''°; not one breakage has occurred leaving the 
concrete surface clear of ice. This is also true of 
the smoothness tests using the concrete support 
(Table 4). It was also noted that, especially at 

Table 2 - STRENGTH OF PURE ICE 

Temperature -50  C -13
0 
 C -21

0 
 C 

COMPRESSIVE 32.4 25.9 37.4 
STRENGTH 38.6 46.8 31.8 
(Kg/cm 2 ) 38.8 15.4 

35.0 45.8 a9.8 
19.7 37.2 37.8 
30.8 39.1 63.7 
26.4 

Average Values 31.7 38.9 37.6 

Temperature -50  C -13
0 
 C 210 

 C 

FLEXURAL 10.6 12.7 7.1 
STRENGTH 16.9 7.4 8.7 
(Kg/cm2 ) 6.3 15.3 14.2 

14.2 5.8 8.4 
10.6 20.0 11.6 

Average Values 11.7 12.2 10.0 

Temperature -50  C -13
0 
 C -21

0 
 C 

RING 11.8 13.7 12.4 
TENSILE 10.9 11.6 17.0 
STRENGTH 5.4 13.5 16.5 
(Kg/cm 2 ) 13.8 11.8 16.1 

10.7 10.7 11.6 
13.4 24.7 

Average Values 11.8 12.5 14.7 

The load rate for all the above tests was 
0.2 Kg cm 2  sec'. 
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Table 3. TENSILE STRENGTH OF ICE-CONCRETE SAMPLES 

PERCENT 	TEMPERATURE 	NUMBER 	AVERAGE 
AIR 	 (°C) 	 SAMPLES 	TENSILE 
ENTRAPMENT 	 STRENGTH 

(Kg/cm2 ) 

2 	 -3 	 7 	 6.2 
2 	 -8 	 4 	 8.80 
2 	 -12 	 5 	 8.06 
2 	 -15 	 4 	 8.88 
2 	 -19 	 4 	 8.03 

4 	 -3 	 6 	 6.01 
4 	 -8 	 4 	 8.21 
4 	 -12 	 4 	 7.40 
4 	 -15 	 4 	 7.73 
4 	 -19 	 4 . 	8.45 

8 	 -3 	 5 	 5.92 
8 	 -8 	 4 	 7.58 
8 	 -12 	 4 	 8.08 
8 	 -19 	 3 	 10.97 

A loading rate of 0.2 Kg cm 2  sec 1  was used. 
The average deviation of Tensile strength measure-
ments was 1.1 Kg cm 2 . 

Table 4. FREEZING RATE AND SMOOTHNESS TESTS 

Freezing Rate Test 

Concrete Sample, 2% air content, Nylon Rope System. 
Load Rate 0.2 Kg cm 2  sec' 

T 	Growth Rate of Ice 	S 	No. of Samples 
(cm/mm) 	(Kg/cm2 ) 

-190C 	0.037 	 9.91 	3 
-190C 	0.008 	 9.55 	3 
-30C 
} 	

IN PROGRESS -30C 

Smoothness Test 

Concrete Sample, 2% air content, Concrete System. 
Load Rate 0.05 Kg cm 2  sec' 

T 	Surface Condition 	S 	No. of Samples 
(Kg/cm2 ) 

-11
0
C Rough cut 	10.4 ± 1.2 	3 

-110C Machine Polished 10.2 ± 3.5 	3 

:g} 
30 	

IN PROGRESS 

the warmer temperature, the ice remaining on the 
samples after fracture was crazed. Cracks could be 
seen to penetrate down to the concrete surface, 
eminating therefrom at angles varying from small to 
near perpendicular. 

Also Table 4 indicates that, in the cohesive 
failure range, the rate of freezing of the inter-
facial ice does not influence the interfacial 
strength. Tests in the adhesive failure range are 
in progress. 

Micrographs and S.E.M. images of the concrete 
surfaces have been taken and are being analysed. 
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5) Discussion and Conclusions 

Little needs to be said regarding the bulk tests. 
The results are in excellent agreement with previous 
ones. Particularly, their agreement with data for 
lake ice indicates that our sample preparation 
technique produces ice of comparable quality to 
natural ice. 

Results obtained for interfacial strength are 
intriguing. As can be seen from Table 3, there does 
not appear to be any significant dependence of S upon 
the percentage air entrapment in the concrete. This 
would suggest that the total adhesive force is not 
strongly dependent upon the pore structure of the 
concrete. 

Our main initial goal was to define the relative 
role of surface cohesive forces and the interlocking 
forces. At first sight there appears to be little 
information in Table 3 to help towards this goal. 
However, when the data is plotted as a function of 
temperature (as in Figure 6) three possibly signifi-
cant points are noticed; below -70C the results are 
ostensibly independent of temperature; the data at 
-30C are significafltly lowerthan the other data; 
and the data at -3 C has significantly less scatter 
than data at other temperatures. 

Clearly, additional data is needed before a 
proper interpretation can be attempted. Particularly, 
more data is needed close to 0°C. This requires 
improvement of temperature control and mounting 
technique, particularly at -1 or -2 C. Nevertheless 
the following speculative interpretation can be given 
to illustrate the discriminative process which may 
be applied. 

Adhesive strengths for ice on metals and plastics 
have a well defined temperature dependence 	

0 For 

shear tests and smooth surfaces, S is virtually 
proportional to ITI up to the point where the 
failures change from adhesive to cohesive. Data for 
ice on stainless steel and polystyrene are shown in 
Figure 6; curve c) is for ice-stainless steel by 
shear, d) and e) are for ice-polystyrene by shear 
and tension respectively. The physical mechanisms 
responsible for this dependence are not yet under-
stood. Assuming that adhesion between ice and 
concrete due to cohesive forces would have the same 
type of temperature dependence, it is to be expected 
that S would decrease linearly as T tends to zero; 
this would produce a dependence as depicted by 
curve (a) on Figure 6 for a shear test. Alterna-
tively, adhesion forces due to mechanical inter-
locking would be expected to exhibit the same 
temperature dependence as the tensile strength of 
ice, which is only small (curve b). Thus the form 
of S at higher temperatures will give an indication 
of the role of the two mechanisms. Temperature 
independence suggests mechanical interlocking; 
temperature proportionallity suggests cohesive 
surface bonds. 

At present we tend towards the opinion that both 
mechanisms are present and significant. That there 
is no mechanical interlocking of ice in the pores is 
inconsistent with the wetting of the concrete sur-
faces and moisture absorption into the material. The 
lower values of S at -30C do suggest some temperature 
dependence. And the decreased scatter suggests the 
Onset of a mechanism of more precisely defined 
character than the statistical nature of imper-
fections in the ice. The nature of the failures 
must also be kept in mind. 

A model is suggested in which interlocking and 
cohesion is involved. As the temperature is raised, 
the cohesive strength to some components of the 
matrix become inadequate to support the stress and 
plastic flow occurs in these regions. Deformations 
then cause increased stress on the other components, 
with stress concentrations occurring at the junctions 
of the materials. Thus, rather than a clear break 
occurring between the ice and the surface, cracks 
are developed and propagate into the bulk ice, 
causing failure.  
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Figure 6.- Strength of Ice-Concrete Interface. 

x - Tensile test, 2% entrained air 
- Tensile test, 4% entrained air 

o - Tensile test, 8% entrained air 

	

Curves a) and b) - see text 	 8 
Curve c) - ice-stainless steel, shear test 
Curve d) - ice-prlystyrene, shear test 8 
Curve e) - ice-polystyrene, tensile test 

Our principle conclusion, drawn from this 
speculative model, is that further measurements are 
needed and they should include both shear and tensile 
tests. When completed they will probably provide 
a clear conclusion. The measurements should 
concentrate on the higher temperature range, (-10°C 

to -10C) and should include separate tests on the 
various components of the concrete. 
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