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PREFACE 

The Canada Centre for Mineral and Energy Technology (CANMET) 
of Natural Resources Canada, Ottawa, has played a significant role in 
Canada for over 30 years in the area of durability of concrete. In August 
1991, CANMET, in association with the American Concrete Institute, and 
the Institute for Research in Construction/National Research Council, 
Ottawa, sponsored the Second CANMET/ACI International Conference on 
Durability of Concrete. This conference was held August 4-9, 1991, in 
Montreal, Canada, and was a follow-up of the Katharine and Bryant Mather 
Iiiternational Conference on Concrete Durability held in Atlanta, Georgia, 
April 27-May I, 1987. Unlike the first conference, this second conference 
was not named after any individual or individuals, and the future confer- 
ences in this series would follow this precedent. 

In 1994, CANMET, in association with the American Concrete Insti- 
tute and several other organizations in Canada and France, sponsored the 
Third International Conference on the subject. The conference was held 
May 22-28, 1994, in Nice, France. More than 90 papers from 25 countries 
were received and peer reviewed in accordance with the policies of the 
American Concrete Institute; 65 were accepted for publication. To all those 
whose submission could not be included in the symposium volume, the In- 
stitute arid the Conference Organizing Committee extend their appreciation 
for their efforts and interest. The accepted papers deal with the deicer salt 
scaling of concrete, freezing and thawing phenomenon, performance of con- 
crete i n  marine environments, corrosion of steel to chloride-ion attack, 
alkali-aggregate reactivity, coatings for concretes, carbonation, high-volume 
fly ash concrete and papers in the general area of durability of concrete. 

In addition to the papers which have been published in this volume, 
more than 40 other papers were presented at  the conference. A number of 
these were published as "supplementary papers," and the authors of these 
papers are encouraged to publish these in technical journals of their choice. 

Thanks are extended to twenty-one members of the review panel 
which met in Lyon, France, in May 1993, to review the papers. Several 
other ACi and non-AC1 members also assisted in the review process, and 
their help is gratefully acknowledged. Without the dedicated efforts of the 
reviewers it would not have been possible to have the proceedings ready for 
distribution at the conference. The cooperation of the authors in accepting 
reviewers' suggestions, aiid in revising their manuscripts accordingly is 
greatly appreciated. The authors are also to be commended for their 
prompt return of the revised manuscripts. 
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The help and assistance of A. Bilodeau (Chairman), and B. Fournier, 
and R. Chevrier (members) of the slide review panel are gratefully ac- 
knowledged. Thanks are also extended to Harry S. Wilson, Maria Ventur- 
ino, and Gordon D. Brearley for their help in the processing of the manu- 
scripts, both for the AC1 proceedings and the supplementary volume. 

As an integral part of the conference, a special symposium to honor 
Dr. P.K. Mehta, Professor Emeritus, Department of Civil Engineering, Uni- 
versity of California, Berkeley, CA, was held during the conference. The 
papers presented at  this symposium have been published in a separate 
volume. 

V.M. Malhotra, P. Eng. 
Editor 
Chairman, CANMET/ACI Third International Conference 
on Durability of Concrete 
May 1994 

Organizing Committee 
Third CANMET/ACI International Conference 

on 
Durability of Concrete 

Nice, France 
1994 

V.M. Malhotra 
Chairman 

H .S. Wilson 
Secretary-Treasurer 

Members , 

T.W. Bremner 
G.G. Carette (deceased) 

H.L. Isabelle 
V.S. Rarnachandran 
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DEDICATION 

T h e  Organizing Commit tee  of the Third CANMETIACI International 
Conference dedicates this book to the memory of AC1 member Georges 
Carette, P.Eng., Senior Materials Engineer, CANMET, who passed away on 
August 14, 1993 after a long illness. Georges, after graduating from Laval 
University, joined CANMET, formerly the Mines Branch, in  1968 as a 
Concrete Engineer. He  rose through the ranks to become a key member of 
the Concrete Technology Group, and was internationally recognized for h i s  
work on fly ash and silica fume. 

A t  the time of his death, he  was project manager and project leader of 
several projects on fly ash and silica fume, and was in charge of monitoring 
the CANMET specimens at Treat Island Exposure Site in Maine, U.S.A. He 
was very active on the Canadian Standards Association’s Committee on 
Cement, and in 1992 was elected its chairman. For more than fifteen years, 
Georges  was a key member  of the  Commit tee  for t h e  Organiz ing  of 
International Conferences on Concrete Technology, and at the time of his 
death,  h e  was chairman of the Slide Review Commit tee  for the Third 
CANMET/ACI International Conference on Durability of Concrete. 

Georges, a keen golfer, will be missed by his many friends and colleagues. He  
is survived by his wife Lise De Moors, and his daughter h i c k .  
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The Deicer Salt Scaling Deterioration 
of Concrete-An Overview 

by J. Marchand, EJ. Sellevold, and M. Pigeon 

SvnoDsis: An overview of the scientific and technical literature published on the 
subject is presented in this paper. The first part of this report is devoted to the 
fundamentals of frost action in concrete. The mechanisms of ;reezing and 
hypotheses explaining the detrimental effects of deicing salts are discussed. Special 
attention is paid to the influence of the concrete curing temperature and moisture 
history on its frost durability. A critical appraisal of three different test procedures 
designed to assess the deicer salt scaling resistance of concrete is given in the second 
section. Each test method is evaluated on the basis of reproducibility, variability of 
test results, operating cost and relationship to field exposure conditions. Finally, the 
influence of various parameters on the deicer salt scaling resistance of concrete is 
discussed in the second section. Topics such as mixture composition, air 
entrainment, casting operations, curing and the use of concrete sealers are reviewed. 

Keywords: Chlorides; concretes; curing; w; deteriorotion; freeze thaw durability; popouts; 
porosity; salts; scaling; tests 
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INTRODUCTION 

In North America and northern Europe, the chloride-induced deterioration of 
concrete structures has been a matter of major concern for many years. It is well 
known that the widespread use of deicing salts during winter roadway maintenance 
operations is one of the major causes of the rapid degradation of concrete roads and 
bridges [ 1, 21. Concrete surfaces subjected to repeated freezing and thawing in 
presence of deicing salts often suffer from severe scaling. In addition to reducing the 
serviceability of the structure, surface scaling is known to favour the ingress of 
deleterious chemicals into the interior of the concrete which consequently increases 
the risk of deterioration by other phenomena such as alkali-aggregate reactions and 
corrosion of reinforcing steel. In the United-States, estimates for the costs of 
rehabilitating deteriorated bridges and roadways range from $90 billion to $151 
billion (3, 41. Although inadequate maintenance can account for a large portion of 
the problem, the deterioration of most northern states bridges is linked, in one way 
or another, to the use of deicing salts. 

Given the increa6ng importance of the problem, a great deal of research has been 
specifically dedicated to the study of the deicer salt scaling resistance of concrete. An 
overview of the scientific and technical literature lately published on rhe subject is 
presented in this paper. The first part of this report is devoted to the fundamentals of 
frost action in concrete. The proposed mechanisms of freezing and hypotheses 
explaining the detrimental effects of deicing salts are discussed. A critical appraisal 
of three different test procedures designed to assess the deicer salt scaling resistance 
of concrete is given in the second section. Each test method is evaluated on the basis 
of reproducibility, variability of test results, operating cost and relationship to field 
exposure conditions. Finally, the influence of various parameters on the deicer salt 
scaling resistance of concrete is discussed in the last section. Topics such as mixture 
composition, air entrainment, casting operations, curing and the use of concrete 
sealers are reviewed. 

The aim of this report is to provide civil engineers and concrete technologists with a 
comprehensive summary of the recent research published on the deicer salt scaling 
of concrete. In the past decades, numerous scientific and technical papers have been 
published within the scope of this subject. In the course of our work, it appeared 
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quickly that an enumeration of all these papers would be fastidious and that the main 
objective of this review would be missed. It was therefore decided to select a certain 
number of representative publications. Obviously, many valuable contributions had 
to be set aside in the process. 

MECHANISMS OF DEICER SALT SCALING DETERIORATION 

In the field of building components, the basic knowledge of a materials properties is 
of paramount importance. Such a knowledge enables engineers to improve the 
materials performance and facilitates the development of reliable laboratory test 
procedures. Over the years, several attempts have been made to explain the deicer 
salt scaling deterioration of concrete. Unfortunately, as will be seen in the present 
section, none of the proposed models can account for all the experimental results 
reported in the literature. The imperfect understanding of mechanisms involved 
clearly underlines the very complex nature of the problem, and limits our ability to 
design relevant accelerated test methods. 

In many respects, the complexity of the deicer salt scaling phenomenon lies within 
the heterogeneous nature of concrete. At the microscopic level, the hyh ted  cement 
paste is an irregular arrangement of anhydrous phases, various hydration products 
and residual pore spaces. In concrete, this heterogeneity is exacerbated by the 
presence of aggregates which affect the porosity of the cement paste at the 
interfaces. These aggregates have their own pore structures that are significantly 
different from that of the hydrated cement pa5te surrounding them. In concrete, pore 
sizes may range over more than seven orders of magnitude. The diversity of the 
climatic conditions found in nature adds to the complexity of the problem. Clearly, a 
global understanding of the deicer salt scaling mechanisms requires a good 
knowledge of all the parameters involved and of their respective influence on the 
concrete frost durability. 

Despite our imperfect knowledge of the mechanisms involved in the deicer salt 
scaling deterioration of concrete, significant progress has been made in 
understanding the freezing phenomena in porous materials with and without deicing 
chemicals. The systematic application of vanous experimental techniques, such as 
low-temperature calorimetry and nuclear magnetic resonance (NMR), has provided 
useful information on many aspects of frost action. A review of the recent findings 
made in bayic research is presented in this section. 

Freezing Phenomena in Porous Materials without Deicing Chemicals 

It is well known that the stmcture of liquid water contained in microporous materials 
is significantly different than that of bulk water. In a pore, water is subjected to a 
wide range of surface forces. The extent and the nature of these forces is influenced 
by the chemical and geometric features of the pore wall and by the distance 
separating the water molecule from the surface (5 ,  61. In the specific case of the 
hydrated cement paste, various experiments have clearly indicated that water 
strongly interacts by physisorption and chemisorption with the material 15-1 O]. In 
the former case, water molecules are uniformly held to the hydrate surface by Van 
der Waals forces. Low-energy links of a few kcal/mole are involved and the 
structure of the water molecule is not modified. In the latter case, water is locally 
tightly adsorbed to the surface by chemical links, and its molecular structure is 
modified. 
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SETZER [9] has proposed a three-category classification of the water held in the 
hydrated cement paste according to the extent of the surface interaction: the 
structured surface water, the prestructured condensed water (also referred to as 
capillary condensed water) and the macroscopic bulk water (see Table I). The 
structured surface water includes the first layers of water molecules adsorbed to the 
surface of all pores (whatever their dimension) and the water held in micropores 
(Le. with a diameter of less than 2 nm). The prestructured condensed water consists 
of the water held in mesopores (Le. with a diameter in the 2000 to 50 000 nm 
range). The macroscopic bulk water is contained in the coarser pores (i.e. with a 
diameter of more than 50 O00 nm). The proposed classification of SETZER is given 
in Table 1. 

Measurements of thermodynamic characteristics of pore water in hardened cement 
paste (see Fig. 1) made by'RADJY and SELLEVOLD show continuous decreases in 
both differential enthalpy and entropy with decreasing relative humidity [ 101. Note 
that high numbers indicate low absolute values of both entropy and enthalpy, as 
evidenced by the position of the reference lines for bulk water and ice. The 
comparison with ideal capillary condensate, and measured values in the more inert 
porous Vycor glass, show the strong influence of surface forces in cement hydrates 
on the state of the pore water. Fig. 1 clearly demonstrates strong depressions of the 
freezing point of pore water as well as the existence of non-freezable pore water. 
Estimates based on the entropy data indicate that pore water held in the hydrated 
cement paste below about 60% relative humidity (R.H.) is not freezable at any 
temperature. This question will be further discussed in following paragraphs. 

The vapor pressure of the prestructured condensed water held in a pore can be 
calculated with the Kelvin equation (see Fig. 2): 

l"P=- 
PO 

in this equation P and Po stand respectively for the vapor pressures of pore water 
and bulk water, y is the surface tension of the liquid, V is the molar volume of 
water, Rm the curvature of the meniscus, R and T are the gas constant and the 
temperature in degrees Kelvin. The curvature of the water meniscus is determined 
by the pore size and the contact angle 0 at which the liquid meets the pore wall. In a 
cylindrical capillary of a radius Rp, the curvature R, is equal to Rdcos 0. 

Over the years, the freezing of water in microporous materials has been the subject 
of many investigations. Nuclear magnetic resonance and low-temperature x-ray 
diffraction experiments have established that pore water has the same freezing 
characteristics as bulk water [ l l ,  121. According to these reports, pore water 
undergoes upon freezing an 9% expansion to form ordinary Type ih ice. As shown 
in Fig. 3, this ice, characteri~~d by its hexagonal structure, has the s a r e  density and 
properties as bulk ice [13, 141. Due to the surface interaction, the freezing point of 
the pore water is, however, lowered. 

Following the investigations of EVERETT [ 151 and FELDMAN [ 161 that had indicated 
that the capillary condensation and menisci theories can still be applied at 
subfreezing temperatures, many equations relating the freezing point depression of 
water to the pore dimension have been proposed [17-211. All these equations are 
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more or less refined combinations of the Clausius Clapeyron and Kelvin laws. The 
following equation has been proposed by SETZER 1211: 

In this equation, T and To are the absolute temperatures, Vi is the molar volume of 
the liquid water, y is the surface energy of the ice-liquid interface, H is the freezing 
enthalpy and Rh is the hydraulic radius which is defined the ratio of the pore 
volume to the pore surface. 

As can be seen, there is a great similarity between equation ( I )  and equation (2). 
According to these formulae, freezing of the pore water is analogous to desorption 
and both processes are incremental, i.e. that larger pores freeze or desorbe first. 
This phenomenon is illustrated in Fig. 4. The freezing point depression should be 
distinguished from supercooling which tends to delay ice formation. The freezing 
point depression is a reproducible phenomenon that is directly related to the 
geometric characteristics of the pore. Supercooling is a statistical effect that is 
dependent on the nucleation process during freezing 1211. 

It should be emphasized that the validity of equation (2) is strictly limited to the 
prestructured condensed water. The macroscopic bulk water is not significantly 
affected by surface forces and freezes near 0°C. Several expenmental results have 
also established that the water layer at the vicinity of the pore surface and in 
micropores remains unfrozen even at very low temperatures [22-241. This 
phenomenon is generally associated with the short-range structuring of water 
molecules due to surface interaction and to the presence of ions in the solution. 
Although its viscosity is considerably greater than that of bulk water, the unfrozen 
interfacial water is supposed to have liquid-like properties. For instance, water 
molecules in the layer are mobile and can be transported under temperature and 
concentration gradients [i 1,25,26]. The thickness of the unfrozn layer varies with 
the pore surface characteristics. For hydrated cement paste, values of approximately 
3 BET-equivalent monolayers have been reported 127,281. 

Over the years, the dynamic of ice formation in hydrated cement pme has also been 
the subject of much attention. An early study by HELMUTH [29] established that ice 
is growing as an ice front from the nucleation site. In his investigation, HELMUTH 
observed that, when freezing was not initiated by external means, ice formation 
usuâlly began at much lower temperatures than that predicted by equation (2). In 
certain cases, specimens could be supercooled to temperatures as low as -15°C. 
HELMUTH concluded that: 

"there is apparently m feature of the structure of the paste which can 
serve as nucleation site for ice formation ut temperature higher than 
this". 

In the absence of any initiated seeding, large supercooling was also reported by 
other investigators [30, 3 i]. HELMUTH'S results indicate that, once nucleation is 
initiated, ice propagates as a continuous phase through the pore structure of the 
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hydrated paste. The velocity of the ice front and the stresses consequently induced to 
the system were found to be directly related to the degree of supercooling [ZO, 301. 

Relationshiu between the Hydrated Cement Paste Pore Structure and Ice Formation 

Following the work of Helmuth, ice formation in hydrated cement paste has been 
studied extensively by many researchers. in most of these investigations, ice 
formation measurements were carried out by low-temperature calorimetry. The 
potential of this technique was first realized in the work of VERBECK and KLIEGER 
[32] who used it to study the relationship between ice formation and the length 
change of a concrete specimen. Low-temperature calorimetry measurements have 
been later extensively carried out by many workers to study various aspects of the 
frost durability of cement-based materials. The technique is based of the fact that ice 
formation is an exothermal process. While the temperature is lowered, the amount of 
ice formed can be monitored by measuring the heat flow emanating out of the .test 
specimen. Similarly, the amount of ice melting during heating can be determined by 
measuring the apparent heat capacity of the specimen. Details on the operating 
principle and the experimental procedure can be found elsewhere [33]. 

The systematic application of low-temperature calorimetry to hydrated cement paste 
systems has provided much information not only on the process of ice formation but 
also on the pore structure characteristics of these materials. Typical low-temperature 
calorimetry curves measured for a 0.5 water-cement ratio hydrated cement paste are 
given in Fig. 5 [31). In this figure, the apparent heat capacity of the specimen, 
during cooling and heating, is given as a function of the calorimeter block 
temperature. As can be seen, there is a marked hysteresis between the cooling and 
melting curves. Although part of the hysteresis can be attributed to supercooling, 
most of it is related to the the peculiar pore structure characteristics of the cement 
paste. Scanning electron microscope investigations have clearly established that 
hydrated cement paste does not have cylindrical pores, but that it is rather 
characterized by an irregular arrangement of pores of various sizes and shapes [34, 
351. Experiments by AGUIRRE-PUENTE et al [36, 371 have indicated that the 
propagation of the ice front throughout the system is controlled by the ability of the 
ice-water interface to penetrate the pore entryway while the melting temperature is 
determined by the s i x  of the pore itself. In this respect, ice formation c'uring cooling 
is analogous to mercury intrusion, and the hysteresis between the cooling and 
heating curves gives information about the continuity of the pore system [38]. 

i n  the past decade, low-temperature calorimetry has been extensively used to 
measure ice formation in various hydrated cement paste systems. As can be seen in 
Fig. 6 ,  calorimetric results for steam-cured cement paste specimens indicate that the 
nonfrozen-water content (i.e. the amount of evaporable water not froian at -55°C) is 
independent of the water-cement ratio [39]. Similar experiments carried out on paste 
specimens cured at room temperature showed a slight increase of the nonfrosien- 
water content with an increase in water-cement ratio [28,33]. 

Qualitatively, these data are in relatively good agreement with the findings of 
POWERS and BROWNYARD [401 who reached the conclusion that the nonfroim- 
water content solely depended on the degree of hydration. Quantitatively, 
calorimetric results indicate, however, that the POWERS and BROWNYARD indirect 
measurements systematically overestimated the amount of ice formed [39]. They 
have also established that the amount of ice formed between 0°C and -2O"C, which 
is of particular interest in connection with frost resistance, decreases with the water- 
cement ratio [391. These results have been later confirmed by the dynamic modulus 
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experiments of ZECH and SETZER [41]. This phenomenon was associated with the 
refinement of the porosity with the reduction of the water-cement ratio. 

Low-temperature calorimetry measurements have provided very useful information 
on the mechanisms of frost damage. For instance, results reported by BAGER and 
SELLEVOLD 1281 showed that the amount of ice formed decreases with the moisture 
content, and that it is the ice formation at temperatures near 0°C that is first affected. 
Similar data were later reported by BEDDOE and SETZER [42]. The practical 
implication of these results is that any hydrated cement paste with a water content 
lower than that corresponding to a relative vapor pressure of P/Po = 0.9 can be 
expected to be frost resistant. Such a conclusion is in good agreement with the 
findings of MACINNIS and BEAUDOIN [43 J who found that non-air-entrained 
mortars of various water-cement ratios could be frost resistant if their degree of 
saturation was less than 90%. Calorimetric measurements have also indicated that 
the type of curing could significantly affect the pore structure of concrete. Results 
reported by BAGER and SELLEVOLD I391 showed, for instance, that steam curing at 
97°C increases the amount of ice formed near 0°C. These data support the 
conclusions of previous investigations where steam curing was found to coarsen the 
pore structure of the hydrated cement paste 144-461. Recent, as yet unpublished, 
calorimetric data show that the coarsening effect of elevated curing temperature on 
the pore structure is present also at 45°C and increases continously to 97°C. 

One of the greatest advantages of the low-temperature calorimetry technique is that 
measurements can be carried out on virgin water saturated specimens. Pore structure 
alterations caused by drying can therefore be studied without any perturbation from 
the experimental technique. The influence of the moisture history on ice formation 
has been extensively studied by SELLEVOLD and BAGER for several hydrated 
cement paste systems and various drying-resaturation treatments [2!., 3 1, 47, 481. 
Their results indicated that even relatively mild drying significantly alters the ice 
formation pattern. A typical result is given in Fig. 7 where the ice formation pattern 
of a mortar specimen dried at 50°C and resaturated is compared with that of a virgin 
specimen. The detrimental effect of a more coarse pore structure (either by elevated 
temperature curing or by drying-resaturation treatment) on the deicer salt scaling 
resistance of concrete is very important and is discussed in more detail in  the 
following section. 

As can be seen in Fig. 7, the rate of ice formation right after nucleation and the 
amount of ice formed to -10°C is considerably increased by the drying-resaturation 
treatment. Similar effects were observed for hydrated cement pastes slowly 
desorbed and resaturated. A careful analysis of the ice formation results usually 
indicates that drying increases the amount of large pores and decreases the amount 
of smaller pores. Such a tendency is in good agreement with previous reports who 
showed that oven drying tends to increase the freezable water content of cement 
paste and concrete [49,501. 

Several hypothesis have been developed to explain the effect of drying on the ice 
formation pattern. Although the drying-resaturation treatment ah-ost certainly 
induces microcracking in the hydrated cement pa$te and concrete specimens, many 
indications tend to demonstrate that the alteration of the freezing can be primarily 
attributed to a modification of the pore system. Due to the relatively fine pore 
structure of the hydrated cement paste, high capillary tensions can be induced into 
the materials during desorption. Such forces originate from the formation curved 
menisci within the small capillaries and can reach appreciable values under certain 
circumstances [51]. According to many workers [52-54], under these stresses, the 
thin walls of hydrates separating some of the relatively small pores present i n  the 
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structure collapse to create larger pores and increase the continuity of the pore 
system. Experimental data tend to indicate that the extent of the drying-induced pore 
structure modifications is a function of the levei of desorption and of the period of 
exposure to the capillary forces. 

The effect of drying on ice formation is of particular importance in connection with 
frost testing. Calorimetric measurements have clearly demonstrated that a dried- 
resaturated concrete has a different pore structure than one which has constantly 
been kept saturated. Since in practice most concrete elements are submitted to 
frequent wetting and drying cycles, any test method designed to predict in the 
laboratory the frost resistance of concrete should include a drying-resaturation 
treatment prior to freezing. This is particularly the case for deicer salt scaling since, 
under field exposure conditions, it is the surface portion of the a concrete structure 
that is the more likely to be affected by drying. 

Freezinz Phenomena in Concrete with DeicinP Chemicals 

It has been long established that saturated concrete exposed to repeated freezing and 
thawing cycles could be affected by two types of deterioration: surface scaling and 
internal microcracking. Already in 1945, POWERS [551 underlined the distinction 
between the two phenomena by writing: 

“When concrete specimens are frozen and thawed in water, two distinct 
types of disintegration have been observed: (I) The specimens may 
show little change in weight and appearance but large losses in strength 
and resilience: or ( 2 )  they may show progressive loss by crumbling 
and spalling but relatively little loss in strength and resilience of the 
remaining material. These are extremes. Specimens falling in neither 
category will show both crumbling and loss of strength and resilience 
of the remaining material. These are results that an acceptahle 
hypothesis must explain satisfactorily.” 

Over the following years, the distinction between the two phenomena has been 
consistently recogniizd [56-581. Laboratory investigations and field experiences 
have also shown that surface scaling is significantly enhanced by the presence of 
deicing chemicals. With the introduction in the mid-sixties of the bare pavement 
policy and the systematic application of deicing salts on concrete roadways and 
bridges, surface scaling rapidly became a major concern. Although, as previously 
mentioned, the surface scaling mechanisms are not stili today full; understood, 
several studies have helped to clarify the deleterious effects of deicing chemicals. 

One of the known effects of the application of deicing salts is that it tends to increase 
the degree of saturation of concrete zt a given relative humidity [59,60]. This effect 
originates from the fact that salt solutions have a lower vapor pressure than that of 
water. Hence, imo,cL Nater vapor has a greater tendency to condense into a salt 
solution than into pure water. A typical example of this effect is given by MACINNIS 
and WHITING [60]: under 88% relative humidity condition and at equilibrium, the 
average degree of saturation of various concrete specimens initially saturated with 
water was 73% while the average degree of saturation for companion specimens 
initially saturated with a 10% NaCI solution (in mass) was 92%. Such a 
phenomenon is of particular importance in connection with the deicer salt scaling 
deterioration of concrete structures in practice. The application of deicing salts is 
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more likely to maintain them (or at least their surface portion) above the critical 
degree of saturation. The hygroscopical effect of deicing salts is, however, less 
critical when concrete is tested in the laboratory since in most test procedures, 
specimens, after a certain drying period, are maturated prior to testing. 

It is also generally agreed that the detrimental influence of deicing chemicals is 
mostly physical in nature, and that the chemical reaction of the salts with the cement 
paste hydration products only plays a secondary role in the deterioration 
mechanisms. This conclusion was first reached by VERBECK and FLIEGER who 
investigated the effect of various deicing chemicals, such as sodium chloride and 
urea, on the surface scaling of concrete [561. Their test results clearly indicate that, 
whatever the type of deicer, relatively low deicer concentrations (in the 2% to 5% 
range) produce more surface scaling than higher concentrations or pure water. Such 
a phenomenon is illustrated in Fig. 8 for the tests carried out with sodium chloride 
as a deicer. Their conclusion has been later confirmed by many other reports 161- 
641. 

A critical review of the literature indicates that there is little agreement as to whether 
it is the salts dissolved in the pore system (Le. imide the concrete) or those present 
in the solution surrounding the specimen that enhance the deterioration by scaling. 
This point is of particular interest with regard to testing, and the fact that this 
question is still debated today clearly emphasi7m our imperfect understanding of the 
mechanisms involved. Reports on the subject are often contradictory. Most deicer 
salt scaling test results tend to indicate that it is the concentration of the salt solution 
surrounding the specimen that has a predominant influence on the mechanisms of 
deterioration [56 ,  62-64]. For instance, in the study of VERRECK and KLIEGER 
[%I, all specimens had been saturated with pure water, and the concrete surfaces 
were subsequently covered with a salt solution during the freezing and thawing 
cycles. Moreover, a recent study by SELLEVOLD and FARSTAD [62] indicates that, 
for a given concentration of the outer solution, scaling is systematically more severe 
for the water-saturated specimens than for those that had been impregnated with the 
salt solution prior to testing. 

These results are in apparent contradiction with the results of many basic 
investigations. Length change isoteres of hydrated cement paste samples 
impregnated with NaCI solutions at various concentrations (0% to 26%) have been 
measured by LITVAN [61]. in the same study, ice formation was also monitored by 
differential thermal analysis (DTA) meawrements. Typical results for 1.27 mm thick 
samples at a cooling rate of approximately 20"C/hour are given in Fig. 9, where it 
can be seen that maximum residual length changes are obtained for the samples 
saturated with the 5% and 9% NaCl solutions. The residual length change is 
believed to be a good indicator of the damage induced to the system. Similar results 
have been reported by FACERLUND (641 for mortar specimens and by MACINNIS 
and WHITING [60] for concrete specimens. In these cases, the greatest residual 
dilations were also observed for the samples saturated with NaCI solutions at low 
concentrations (2.5 % and 3% by mass respectively). According to these reports, 
detenoration mechanisms are enhanced by the presence of low concentrations of 
salts dissolved in the pore solution. 

The influence of the presence of deicing salts on ice formation has been investigated 
by low-temperature calorimetry [62,65]. It is well known that, in accordance with 
Raoult's law, the freezing point of bulk water is depressed by the presence of 
dissolved ions. In hydrated cement paste and concrete, the freezing point depression 
due to the dissolved salts seems to be surimposed on the freezing point depression 
resulting from surface interaction. This effect can be more clearly visualixd in Fig. 
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10. As can be seen, the presence of deicing chemicals (in that particular case NaCI) 
significantly affects the pattern of ice formation. The primary freezing peak, 
associated with the formation of ice in the larger pores, is broadened and shifted 
towards the lower temperatures, and the amount of ice formed between 0°C and - 
20°C is slightly reduced. According to SETZER [12,65], these results confirm that 
the presence of deicing salts not only alter the bulk water properties but also disturb 
the surface forces acting within the pore system. The author notes that the greatest 
perturbations are obtained for the salt solutions at low concentration (= 3% by 
mass), and concludes that it is the salts in the pore solution that are the most 
demmental. 

More research is certainly needed to clarify the detrimental influence of deicing 
chemicals on scaling. Additional information on the transport of deicing salts from 
the outer solution to the pore system would certainly help to understand the 
mechanisms involved. It is probable that the penetration of the deicing salts into 
concrete is not diffusion-controlled, and that chlorides are sucked in during the 
freezing and thawing cycles. Results reported by FAGERLUND [64] indicate that 
concrete tends to absorb water when subjected to repeated freezing and thawing 
cycles. His data also show that this absorption is increased when the specimens are 
immersed in sait solution. According to this process, the penetration rate of deicing 
salts inside the material could be much quicker than that predicted by the diffusion 
law. 

in order to better understand the behavior of concrete structures in service, more 
attention should also be paid to the chemical interaction between the deicing salts and 
the cement paste hydration products. So far, this aspect of the question has been 
overlooked mainly because early investigations had indicated that the mechanisms of 
scaling deterioration were mainly physical and that sodium chloride, the deicer most 
currently used in practice, was much less detrimental than other deicing chemicals 
[66, 671. Recent reports clearly show, however, that the long-term exposure to 
sodium chloride solutions favours the leaching of calcium hydroxide [68,69, 701. 
The chemical reaction is described in (3): 

2NaCI + Ca(OH)2 + CaC12 + 2NaOH (3) 

The calcium hydroxide leaching increases the porosity at the vicinity of the exposed 
surface which is likely to enhance the amount of ice formed near 0°C. According to 
the following reaction (4), the soluble calcium chloride produced in the process can 
also react with the aluminate phases in the cement paste to form chloroaluminate 
crystals: 

CaC12 + C3A + C3A. CaC12.10H20 (4) 

Although these phenomena are unlikely to affect the deicer salt scaling resistance of 
concrete during a laboratory test where the exposure time is too short, they may 
significantly reduce the long-term frost durability of concrete surfaces in service. 
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Proposed Mechanisms of Deterioration 

Over the years, several attempts have been made to explain the damage caused to 
concrete by freezing with and without deicing chemicals. As previously mentioned, 
none of the proposed mechanisms can fully account for all the experimental data 
found in the literature. The theories that have been developed over the years can be 
divided into two categories: microscopic and macroscopic. The theories from each 
group will be, hereafter, briefly discussed. 

Microscopic mechanisms of deterioration 

The most well-known microscopic model of frost action is certainly the hyúrudic 
pressure theory proposed by POWERS in 1949 [55,  711. According to this 
hypothesis, the destructive internal stresses are due to the flow of water away from 
the regions where ice is forming. As the temperature decreases below 0°C in 
saturated cement paste, ice begins to form in the capillary pores. Because the water 
in these pores contains dissolved chemicals (mostly alkalies) and because of pore 
s i x  restrictions, ice formation increaies gradually with the decrease in temperature. 
Ice formation is accompanied by a 9% increase in volume that forces water out of 
the capillaries. This causes a saturated flow towards the escape boundaries in the 
paste, the air voids. POWERS developed a mathematical formulation of his model: 

P,,, = fi (1 .o9 - -) 1 __ u c  +(L) 
3 S K  

According to equation 5, the pressure (P) developed in the matrix increases with the 
rate of cooling (C), the rate of ice formation (U) and the maximum distance $(L) that 
water must travel to reach an escape boundary (half the distance between two air 
void walls), but decreases with the hydrated cement paste permeability (K). In 
equation 5, II and S represent respectively the coefficient of viscosity of water and 
the degree of saturation of the hydrated cement paste. Cracking occurs when the 
pressure generated by the flow is greater than the tensile strength of the paste. 

Since the introduction of the hydraulic pressure theory, several expenmental 
investigations have clearly indicated that this hypothesis cannot account for all the 
phenomena produced by freezing. For instance, hydrated cement pastes and other 
porous materials can be significantly damaged by freezing and thawing when they 
are saturated with organic liquids that do not expand upon freezing [7, 721. This i s  
illustrated in Fig. 11. HELMUTH has also emphasixd that, due to several factors, 
the occurrence of a saturated flow during freezing is most unlikely [73]. The 
application of the hydraulic pressure theory, particularly to scaling, should therefore 
be considered with caution. Nothing in the model can explain the detrimental effect 
of deicing chemicals, the influence of the length of the freezing period, or that of the 
minimum temperature reached. The model is also in contradiction with some of the 
experimental evidence. According to the mathematical formulation of the hydraulic 
pressure theory, the damage increases with the rate of freezing. This is by no means 
consistently found to be true in experimental work. For instance, no increase in 
scaling was found at increased freezing rates by SELLEVOLD and FARSTAD [62]. It 
is, however, in agreement with the data obtained by PIGEON et al. on the influence 
of the freezing rate on the internal cracking due to freezing and thawing cycles [741. 
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In his subsequent investigations of the freezing phenomena in hydrated cement 
pastes POWERS observed that, after an initial expansion, air-entrained pastes tended 
to contract upon freezing. After numerous length-change experiments, he concluded 
that, contrary to the hypothesis of the hydraulic pressure theory, water moved 
towards the capillaries where ice was forming. In association with HELMUTH, he 
developed another hypothesis to explain the deterioration of concrete by frost called 
the osmotic pressure theory [75]. As previously discussed, because of surface 
effects, water in the capillary pores does not necessarily begin to freeze when the 
temperature drops below OOC. Ice formation begins first in the larger pores and then, 
as the temperature decreases, it is possible in the smaller ones. At a given 
temperature, there is equilibrium in a capillary pore where ice has formed between 
the amount of ice and the pore water solution. Just enough ice forms so that the 
unfrozen water contains just enough dissolved chemicals to prevent freezing. This 
causes a difference in concentration between the solution in smaller pores where ice 
has not formed (this water is at the original concentration) and the more concentrated 
solution in larger pores where ice has formed. This difference in chemical potential 
causes an osmotic pressure because water from the smaller pores migrates to the 
larger pores where the concentration of the solution is higher, thus building up 
pressure. According to POWERS and HELMUTH, the osmotic pressure theory 
explains why an air-entrained paste keeps contracting even when the temperature is 
kept constant below 0°C (see Fig. 12). Moreover, according to the authors, the 
osmotic pressure generated during freezing increases with the concentration of the 
pore water solution, and this explains the deleterious effect of deicer salts. 

The osmotic pressure theory was the first model that could explain, at least partially, 
the detrimental effect of deicing salts. It is also supported by much experimental 
data. Although there is no mathematical formulation for the model, osmotic 
pressures are more likely to need time to build up and the extent of the deterioration 
has to be related, in some way, to the length of the freezing period.This is in good 
agreement with results published by SELLEVOLD and FARSTAD [62] and STARK 
[76] where scaling was found to increase with the length of the freezing period. 
However, in the osmotic pressure theory, it is the chemicals inside the concrete that 
enhance the deterioration. The model does not explain why, as shown by 
SELLEVOLD and FARSTAD [62], that scaling is systematically increased when 
concrete, after a 14-day drying period, is resaturated with water prior to testing. 

Recently, it has been suggested by FAGERLUND 1771 that the deterioration by 
scaling could be the result of the combined action of hydraulic and osmotic 
pressures. As explained by the author, upon cooling, ice formation takes first place 
in the coarser pores. This generates localii~d hydraulic pressures and triggers the 
osmotic process. The total pressure induced to the system is the sum of the 
pressures generated by both phenomena and it is influenced by the amount of salts 
dissolved in the pore solution. The higher the salt concentration, the lower the 
amount of freezable water at a given temperature. The hydraulic pressures should 
therefore decrease with an increase of the salt concentration since less ice is formed. 
On the other hand, the osmotic pressures should increase with an increase of the salt 
concentration. The combination of these two phenomena should yield a Pessimum 
salt concentration as it is schematically illustrated in Fig. 13. 

LITVAN has carried out in the last 20 years a large number of experiments to study 
the behavior of porous materials upon freezing [7,61,78,79, 801. He found that, 
during the slow cooling period, a large portion of the evaporable water was lost 
from the porous samples. He concluded that, because of surface forces, water 
cannot freeze in situ. Since the vapor or saturation pressure over supercooled water 
is higher than that over ice, and because ice forms at the surface of the air voids, 
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water moves to the au  voids (or any other escape boundaries such as fine cracks) 
during freezing to reach equilibrium. 

According to LITVAN, the thermodynamic phenomenon causing the movement of 
water is related to the s i x  of the capillary pores. The difference between the vapor 
pressure over supercooled water and that over ice increases as the temperature 
decreases. The relative humidity for the supercooled water in the capillary pores 
therefore decreases with the temperature since ice forms naturally at all external 
surfaces (including all air void walls). According to Kelvin’s equation (see equation 
2), the relative humidity required for evaporation decreases with an increase in the 
curvature of the liquid-vapor interface. Since evaporation of water from a capillary 
pore or desorption necessarily creates a curved surface, the phenomenon is thus 
amplified as the temperature decreases. At first, only the larger pores are affected, 
but, as the temperature decreases, so does the the relative humidity and the minimum 
size of pores affected. When the rate of cooling is high, the amount of what LITVAN 
calls unstable water (the water that must move to re-establish equilibrium) increases 
more rapidly. 

In his publication on the frost action [79], LITVAN attributes the damage of concrete 
to the following mechanisms: 

“If a flaw in the solid is surrounded by sound concrete , any w a w  from 
the undamaged portion will migrate on cooling, to the crack, filling it 
completely; on solidifying it causes the fissure to propagate. On the 
following cooling portion of the freeze-thaw cycle the crack draws more 
water and freezing results in further damage..Damage also occurs when 
the required rate of water expulsion usually necessitated by rapid 
cooling is so high that it cannot be realized in the paste. In such cases 
some of the passage ways presumably become blocked by ice and 
internal pressure is generated” 

L m v m  also suggests that the presence of deicing salts in the pore solution increases 
the disequilibrium in the system. According to the author, the fact that more damage 
is induced in the system at low sait concentrations (see Fig. 9) can be attributed to a 
combination of many factors [61]: 

“...Similar behavior of the NaCl-porous-glass system has been 
attributed to an increase of the degree of saturation and broaúening ofthe 
temperature range of freezing. These effects oppose one another and 
result in the most severe conditiota at low (5%) concentrations ... ’ 

Since the work of LITVAN, the question of the locus of freezing has been the subject 
of much attention. Although there are severa1 indications that some part of the non- 
frozen water tends to migrate upon freezing, LITVAN’S assumption that water cannot 
free7e in situ has been refuted by many experimental investigations. NMR studies 
by PEARSON and DERBYSHIRE [I i ]  have showed that ice can be formed in small 
pores. Their findings have been confirmed by the low-temperature x-ray diffraction 
data reported by SETZER [65] where water was found to freeïe in situ. Further 
evidence that most of the pore water freezes without any previous migration has 
been provided by FAGERLUND 1771. The theoretical basis of LITVAN’S hypothesis 
that water cannot freeze in situ depends on the assumption that, at a given 
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temperature, the surface tension throughout the entire adsorbed water layer remains 
constant. As emphasized by SETZER [9], such an assumption cannot be true since it 
has been found that surface tension increases when the thickness of the adsorbed 
film is reduced. 

Several other models have been proposed to describe the frost action in hydrated 
cement systems. SETZER [Si 3, for instance, has developed his own thermodynamic 
model based on the following differential equation: 

In this equation, p stands for the chemical potential, T for the absolute temperature, 
P for the pressure, V for the volume, y for the surface tension, and Rh for the 
hydraulic radius of the pore. Assumptions that the structured surface water does not 
freeze until -90°C and that a thermodynamic equilibrium between ice, vapor and the 
adsorbate within the system is possible are taken into account in the model. 
Unfortunately, SETZER does not elaborate on the detrimental effects of the deicing 
chemicals. 

The detrimental action of deicing salts has been recently discused by HüûEC et al. 
[82]. According to these investigators, the deicer cations present in the pore solution 
are attracted to the hydrated cement paste surfaces that are negatively charged. The 
polar water molecules are, in turn, attracted to the cations. Such a process increases 
the amount of tightly held or adsorbed water in the system, the amount of increase 
being related to various factors such as the concentration of deicer cations, the ionic 
size to charge ratio, and the clustering geometry of the water-ion system. The 
increased proportion of adsorbed water could subsequently favour the build-up of 
osmotic pressures within the material. Although, in this model, the action of deicing 
salts is extensively described, the detrimental combination of deicing chemicals and 
freezing remains unclear. 

ProDosed macroscopic mechanisms of detenoration 

Most macroscopic models have been developed on the basis of field observations. 
These models, however, can only account for a relatively small p a t  of the damage 
observed on concrete surfaces subjected to freezing in the presence of deicer salts. 

RÖSLI and HARNICK [83] have shown that concrete surfaces can be submitted to an 
important thermal shock when salts are applied to water frozxn on concrete surfaces, 
because heat from the concrete is absorbed by the melting ice. From the temperature 
profiles recorded after the application of salts on a froïxn concrete surface (see Fig. 
14), internal stress distributions were calculated (Fig. 15). The results of this 
analysis revealed that the stresses induced in the surface layers could well surpass 
the tensile strength of concrete and lead to microcracking. According ;J the authors, 
this mechanism does not, of course, apply in all circumstances. For instance, the 
proposed mechanism can not account for the scaling deterioration observed during 
most laboratory tests where concrete surfaces are frozen and thawed with a salt 
solution on top. 
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B R O W  and CADY 1571 have studied the penetration of salts in concrete. Based on 
deicing sait concentration profiles, they developed the hypothesis that scaling (the 
formation of small flat flakes) is due to hydraulic pressures generated under the 
surface layer (where ice formation is not possible because the salt concentration is 
usually too high). Unfortunately, the authors present no data to support this 
hydraulic pressure hypothesis. Moreover, this hypothesis does not explain why 
scaling is higher for low salt concentrations [56]. 

Very often, because salts in the top layers can be washed away, the measured salt 
concentration profiles in field concretes indicate that the maximum concentration is 
not located at the surface, but very approximately 10 mm below the surface (see Fig. 
16). These observations have led HARNICK et al. [ 141 to suggest that scaling could 
be due to the stresses induced by the variable deformations of the different layers 
when the temperature drops below 0°C. Since ice formation is only possible in the 
layers where the salt concentration is low, certain layers are suljected to ice 
formation in the capillary pores, but others are not. This layer by layer freezing 
mechanism, unfortunately, is not compatible with the mechanisms that explain the 
protection offered by air entrainment. i t  is also very unlikely that the salt 
concentration in the capillary pores will be sufficient to completely prevent ice 
formation. 

MOUKWA and ADKiNS [84] have observed that, at the end of the afternoon on cold 
and sunny winter days, a layer of frozen concrete could be trapped between the 
surface where heat from the sun prevents freezing and the body of the concrete 
where heat accumulated during the day also prevents freezing. According to the 
authors, such a phenomenon could induce high pressures just below the surface and 
cause scaling. Based on these observations, ADKINS 1851 even proposed a new test 
method to assess the deicer salt scaling resistance of concrete. The detenoration 
mechanism suggested by MOUKWA and ADKINS can probably explain some of the 
deterioration found in service where concrete surfaces are exposed to wide climatic 
variations. It does not, however, account for the deterioration of concrete specimens 
when tested in the laboratory. In most of the laboratory procedures, freezing is 
uniaxial, and the layer phenomenon described by the authors is unlikely to occur. 

LABORATORY TEST PROCEDURES TO ASSESS 
THE DEICER SALT SCALING RESISTANCE OF CONCRETE 

In order to reliably predict the service life of a structure under field exposure 
conditions, a laboratory test procedure should meet several requirements. As 
underlined by PETERSSON [86], the method should be realistic, that is the type of 
failure produced in the laboratory should be similar to that taking place in service. 
The method should also be reproducible. Finally, the procedure ought to be simple 
and cheap to operate. Nowadays, civil engineers and concrete technologists have 
available a large number of test methods to assess the deicer salt scaling resistance of 
concrete. Onginally, the test procedures were designed to reproduce as faithfully as 
possible the exposure conditions found in service. Over the years, new and more 
reliable methods have been developed. In the present section, three standardized test 
procedures are reviewed. Each test procedure is evaluated on the basis of 
reproducibility, variability and operating costs. The relationship between laboratory 
test results and field performance is briefly discussed at the end of the section. 
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ASTM C672 - Ponding Method 

Among actual test procedures, the most widely used is certainly the so-called 
ponding method. First adopted in 1971 by American Society for Testing and 
Materials under the designation C672 [87], this method is now the subject of several 
national and international standards [88-901. The procedure does not require any 
sophisticated equipment, and its operating principle is quite simple. After a drying 
period of 14 days at 23°C and approximately 50% R.H., the tested surface is 
covered with a sait solution and the specimen is submitted to a series of 50 daily 
freezing and thawing cycles. As can be seen in Fig. 17, a dike has to be placed 
along the perimeter of the specimen in order to maintain a brine pond on the top 
surface. According to the standard, each daily cycle includes a freezing period of 16 
to 18 hours at -18OC (I 2OC) and a thawing period of 6 to 8 hours at 18OC (I 2OC). 
No other restrictions concerning the temperature cycle, the salt type and 
concentration are imposed. At the end of each series of 5 cycles, the surface is 
flushed and the solution on top is replaced. Specimens are weighed and rated as 
prescribed by the standard. 

Lately, the reliability of this procedure to assess the deicer salt scaling resistance has 
been increasingly questioned. The fact that the procedure still relies exclusively on a 
visual examination to assess the degree of deterioration of the tested specimens is 
viewed by many as a major shortcoming [ V I .  Despite the detailed guidelines given 
in the standard, the visual rating is often considered to be highly sibjective and 
closely dependent on the type of surface tested. Nowadays, most laboratories also 
collect, at regular intervals during the test, the scaled off particles to improve the 
reliability of the test. Although it is not included in the standard, the mass of scaled 
off particles is believed to be a much better indicator of the deterioration of concrete 
surfaces. 

A few researchers also criticix the procedure for its poor reproducibility. At the end 
of a round-robin test series, PLÄHN and GOL2 [91] concluded that the ponding 
method was plagued by a high test result dispersion even when the cumulative mass 
of scaled off particles was considered. Similar conclusions were drawn by SETZER 
and SCHRAGE [92] following another comparative test series camed out with 
concrete paving blocks. Although these authors recogni7~ that concrete is everything 
but a homogeneous material, they all believe that the significant scattering of test 
results originates, for the most part, from the procedure itself. In a critical appraisal 
of various test methods designed to assess the deicer salt scaling durability, SETZER 
and HARTMANN I931 suggest that the dispersion of the ASTM C672 test results can 
be mainly attributed to a poor control of the specimen preconditioning and of the 
temperature regime during the test. The ASTM C672 standard has also been 
criticixd for the absence of any evaporation protection cover on top of the specimen 
[94]. According to the results of VERRECK and KLIEGER 1561 (Fig. 8), small 
variations of the concentration of the salt solution on top can greatly affect the 
intensity of scaling. 

Swedish Standard SS 13 72 44 - The Borås Method 

Essentially, the Swedish Standard SS 13 72 44 [95] can be considered as an 
improved and more controlled version of the ASTM C672 test method. In the Borås 
method, the specimen pre-conditioning includes a 7-day drying period (at 20°C and 
50% R.H.) and a 3-day water resaturation period. At the end of this period, water is 
flushed and, u5: for the ASTM C672, the top surface of the tested specimen is then 
covered with a brine solution (3% NaCI by mass). The specimen must be subjected 
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to at least 56 daily cycles of freezing and thawing. After 7, 14, 28, 42, and 56 
cycles, the solution on top is flushed, the specimen is weighed and the scaled-off 
particles are collected. 

When compared to that of the ASTM procedure, the requirements of the Swedish 
standard are, in many aspects, more detailed and more severe. For instance, in order 
to ensure the development of a uniaxial freezing front, the side and the bottom 
surfaces of the test specimen have to be thermally isolated. Moreover, during 
testing, the standard requires the application of a tight evaporation protection film 
over the solution. Finally, the requirement of the specimen temperaturt, measured in 
the salt solution, is well defined throughout the cycle. The better control of the 
Swedish method is not considered to have any significant effect on the procedure 
operating cost. Testing can be performed with similar equipment to that used for the 
ASTM C672. 

Due to its recent introduction, there exists actually few data on the reproducibility of 
the Borås method. In their critical appraisal of existing test methods, SETZER and 
HARTMANN [93] question the fact that the concrete specimens are resaturated with 
water prior to testing. According to these authors, such a treatment increases the risk 
of test result scattering. They suggest that concrete should rather be resaturated with 
the same salt solution as that used during the test. Results of a round-robin series 
that included nine different concrete mixtures tested in five different laboratories 
have recently been reported by SELLEVOLD and FARSTAD [62]. In certain cases, 
significant variations were noted between the different laboratones. The authors 
maintain, however, that a large part of the test result scatter can be attributed to the 
concrete heterogeneity. More research is certainly needed to evaluate the 
reproducibility of the method. 

CSA CAN3 A231.2 M85 - Brine immersion Test 

Well established in Europe for many decades, the concrete paving block industry 
has experienced significant growth in North America in recent years. Unfortunately, 
due to the numerous voids resulting from the consolidation operations, these 
products could hardly be tested in accordance with the ASTM (2672. In many cases, 
the salt solution on top of the sample was found to leak and testing had to be 
stopped. Moreover, the ASTM standard was not believed to reproduce reliably 
enough the field exposure conditions where paving blocks are often found to be, 
more or less totally, immersed in a mixture of brine and melting snow. 

For the specific needs of the pre-cat concrete paving block industry, the Canadian 
Standards Association has recently developed a new deicer salt scaling test (961. The 
procedure is very similar to that described by SIEREL and NECK [97]. Prior to 
testing, concretes specimen are dried at 110°C until constant muss (Le. until the 
difference between two measurements made at a two-hour interval is less than 
0.2%). Then the specimens are placed in individual plastic containers and 
resaturated with a salt solution (NaCI - 3% by mass) for 24 hours. At the end of the 
resaturation period, the specimens are placed in a freezing environment and 
submitted to a minimum number of 50 daily cycles. As can be seen in Fig. 17, in 
this procedure, the six faces of the specimen (Le. not only the top surface) are 
submitted to the test. For each daily cycle, containers are kept at -15°C (I 2OC) for 
16 hours. At the end of the freezing period, each container is placed at 23OC (ir 3°C) 
for 8 hours. During the saturation and the testing periods, containers are kept sealed 
in order to avoid any evaporation of the salt solution. At the end of each series of 5 
cycles, the solution in each container is replaced. Specimens are weighed and rated 
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as prescribed by the standard. Finally, scaled off particles are collected, dried and 
weighed. 

One of the great advantages of this method is that specimen preparation is negligible. 
The fact that each specimen is placed in a sealed container, which prevents any 
evaporation of the salt solution, certainly reduces the test result scatter. However, 
the requirements of the standard concerning the temperature cycle should be more 
precise. Without a good au  circulation between the containers, the thawing of the 
specimens is often incomplete at the end of the cycle. Predrying the specimens at 
110°C is also a very harsh treatment totally unrelated to field exposure condition. 
The effect of drying (aging) will be further discussed in the following section. 

Relationship between Laboratow Test Results and Field Performance 

There exists very little information in the literature on the relationship between 
laboratory test procedures and field exposure conditions. Unfortunately, the few 
available data on the subject appear to be contradictory. In a literature review on the 
signifiance of accelerated test procedures, MIELENZ [ 981 reported that the relative 
performance of concrete in service generally follows the pattern set in accelerated 
deicer salt scaling tests. SCHURERT and LÜHR [99, 1001 compared the results 
obtained from various laboratory test procedures to the performance obtained after 
five years of exposure to field conditions. They found very little correlation between 
the two sets of data. Similar conclusions were reached by LITVAN et al. [loll at the 
end of an investigation on the frost durability of pre-cast concrete elements. The 
authors concluded that: 

?...conventional laboratory tests, under conditions prevailing in the 
present program, yielded predictions which show little, if any, 
agreement with actuul field performance. ?? 

More systematic studies comparing the results obtained by laboratory procedures to 
field performance are certainly needed. Such an investigation is actually being 
carried out by the Swedish National Testing and Research Institute [8h].  Three field 
exposure stations have been established and various concrete qualities are being 
tested. This investigation should provide very interesting information on the 
reliability of the Borås method. 

FACTORS AFFECTING THE DEICER SALT 
SCALING RESISTANCE OF CONCRETE 

i n  the past decades, several investigations have been specifically devoted to the 
study of specific aspects of the deicer salt scaling deterioration of comete. These 
studies have provided useful information on the influence of various factors. The 
results of these investigations are reviewed and discussed in the present section. 

Materials 

The cements that are generally used to make concretes that will be exposed to 
freezing and thawing cycles in the presence of deicer salts can be divided into two 
broad categories: portland cements that do not contain any supplementary cementing 
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material (these are the most commonly used), and blended cements that contain 
Supplementary cementing materiais. 

The differences between the various types of portland cement that can have a 
significant effect on the deicer sait scaling resistance of concrete are those that can 
influence the capillary porosity (and also the tensile strength) of the hardened paste. 
It has been found, for instance, that the use of finer cements can improve the scaling 
resistance [102, 1031. This can most probably be related to the reduction in the 
average size of the capillary pores that is observed when finer cements are used 
[104]. Although this has not been systematically verified, faster hydration rates 
probably reduce the risk of early surface damage due to such phenomena as plastic 
shrinkage, and increase in the water-cement ratio of the surface layers through 
excessive bleeding. Rapid hydration (particularly by accelerated curing), however, 
can often result in a coarser microstructure, due to a less homogeneous distribution 
of the hydration products, and this can of course have a negative effect. 

Data available concerning the influence of cement composition (mostly the C3S, the 
C3A, and the alkali content) are scarce. Laboratory test results reported by 
FACERLUND indicate that the use of low alkali/low C3A cements reduces the amount 
of scaling and the spread between individual specimens [103]. This conclusion is in 
good agreement with the data recently reported by MALMSTROM 11051. 
FACERLLJND attributes the detrimental influence of high alkalfiigh C3A cements to 
their effect on the mechanisms of au  entrainment. It has been shown that a reduction 
of the alkali content of the pore water facilitates the production of low spacing 
factors [loh]. It is, however, unlikely that the detrimental effect of high alkaifiigh 
C3A cements can solely be explained by their influence on air entrainment. In his 
survey of the field performance of non-air-entrained concrete pavements, JACKSON 
[I071 also reported that scaling increases with the C3A and alkali contents. 
Moreover, if high alkali contents are known to reduce the efficiency of the air- 
entraining agent, it has been recently demonstrated that they also tend to increase the 
stability of the air-void system in fresh concrete [IOSI. Clearly, further research is 
needed to clarify the influence of cement composition on the deicer salt scaling 
resistance of concrete. 

The three most commonly used supplementary cementing materials in concrete are 
silica fume, fly ash, and slag. There are slightly conflicting laboratory and field 
reports on the salt scaling durability of normal strength air-entraired concretes 
containing silica fume. Several studies indicate that, when it is tested in the 
laboratory according to standard procedures, this type of concrete is slightly more 
susceptible to scaling than ordinary portland cement concretes [ 109-1 IO] .  
Laboratory data reported by other workers 162, 1121, however, show that silica 
fume can improve the scaling resistance of concrete. In all cases, there is, however, 
little difference between the durability of the two types of concrete. Probably in 
good part because the use of silica fume reduces the surface permeability of concrete 
through the refinement of the capillary pore structure, properly air-entrained normal 
strength silica fume concretes have been observed to have an excellent scaling 
durability under severe field conditions [i 12, 1131, as long as the amount of silica 
fume that is used as partial replacement for portland cement is not too high (10% is 
normally considered the upper limit). Although they are not recommended for use 
under very severe exposure conditions, non-air-entrained normal strength silica 
fume concretes have been found to have a scaling resistance that is much better than 
that of similarly non-air-entrained ordinary portland cement concretes. Again, this 
can be related to the reduction of the average capillary pore s iz .  The effect of silica 
fume on the deicer salt scaling resistance of concrete will be further discussed in the 
following section devoted to aging effects. 
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The published data concerning the salt scaling resistance of concretes containing fly 
ash and slag are often contradictory. Many laboratory studies have shown that the 
use of fly ash in properly air-entrained concretes reduces significantly the scaling 
durability [114-1171. Other studies, however, have shown that good scaling 
resistance is possible in concretes made with up to 30% fly ash (as partial 
replacement for portland cement) [ 1 1  81, and the field performance of so-called high 
volume fly ash concretes have also indicated that they can have a good scaling 
resistance [ 1191. A good part of these contradictions is mainly due to the variable 
nature of fly ashes. Their negative influence can certainly be related, in almost ail 
cases, to their relatively slow rate of hydration, and to the increased brittleness of the 
cement paste matrix resulting from the reduced calcium hydroxide content of the 
hardened paste. On the other hand, the refinement in the capillary pore structure that 
the use of some fly ashes yields cenainly has a positive effect, both on the total 
amount of freezable water and on the reduction of the surface permeability. The 
proper use of fly ash depends on a good knowledge of its physical md chemical 
characteristics and on their influence on the concrete properties. Special care should 
be taken with f ly  ashes containing a significant amount of organic particles. Studies 
have shown that the presence of these particles can reduce significantly the air- 
entraining agent efficiency and compromise the stability of the air-void system 1120- 
122). In most cases, the amount of fly ash should be limited to 30% of the total 
mass of binder. 

Reports on the deicer salt scaling resistance of granulated blast furnace slag cement 
concretes appear to point in both directions. In many cases, the replacement of 
cement by slag has been found to reduce the deicer sait scaling resistance of concrete 
[ i  18,123, 1241. Carbonation has been found to increase the average capillary pore 
size of concretes containing slag 11251, and this could further explain, in some 
cases, the observed reduction in scaling resistance (1241. However, a field study 
conducted by VIRTANEN [ 1121 has indicated that the surface layers of 7-year old test 
sections made of slag cement concrete were less carbonated. Field observations and 
laboratory tests carried out on cored specimens also indicated that slag concretes had 
a better salt scaling resistance. These conflicting results clearly emphasize the need 
of more research to clarify the influence of slag on the deicer salt scaling resistance 
of concrete. The use of slag cement in the production of concrete eler (ents exposed 
to deicing salts should also be considered with caution. 

Mixture Characteristics 

The most fundamental characteristic of any concrete mixture is of course the water- 
cementitious material ratio. This ratio influences the porosity of the paste (both in the 
bulk and at the aggregate-paste interface), and thus all concrete properties, most 
notably the strength related properties and the durability related properties. As could 
be expected, most field and laboratory data show that, for normal strength concrete, 
the deicer salt scaling resistance increases as the water-cementitious matenal ratio 
decreases [103, 1 i l ,  126, 1271. 

High performance concretes (sometimes referred to as high strength concretes) 
generally have water-cementitious matenal ratios in the 0.35 to 0.25 range. Since, as 
this ratio decreases, so does the freezable water content, i t  can be expected that there 
exists, for a given type of cement, a value such that air entrainment will not be 
required as a protection against freezing in the presence of deicer salts when the ratio 
is lower than this critical value. When silica fume is used as partial replacement for 
portland cement, it has been found that air entrainment is generally not required for 
scaling resistance when the water-cementitious material ratio is equal to or lower 
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than 0.30 (even if air entrainment is still required to obtain an adequate resistance to 
internal cracking due to frost) [ i l l ,  128, 1291. For concretes made with portland 
cement without silica fume, the critical value is of the order of 0.25 [i 11, 128-1301, 
and, for concretes containing significant amounts of supplementary cementitious 
material, it seems to be lower than 0.25 (but there is unfortunately very little 
published data on this subject). 

For ail concrete mixtures, slump is an important property, since it determines the 
ease with which they can be properly placed and consolidated. The very few test 
results reported on the topic indicate that normal strength concretes with very high 
slumps tend to have a reduced scaling resistance [103]. In such concretes, bleeding 
tend to increase permeability, cause segregation, increase the water-cement ratio in 
the surface layers, and also cause water lenses to form under the aggregate particles 
that are close to the surface. Very high slumps can also destabiliïe in certain cases 
the air-void system. Very low slump values can probably also be deleterious, 
because proper consolidation and surface finishing operations will be hampered, 

Unsound aggregate particles can cause the formation of surface craters known as 
pop-outs. Many sound aggregate particles do not break during freezing, but 
nevertheless create disruptive pressures at the aggregate-paste interface, because 
they expel water. This often results in the loss of the mortar cover on the aggregate 
particles that are close to the surface. Again, not all authors consider this to be a 
scaling problem, but it is clear that only the use of low porosity aggregates can 
prevent this phenomenon. 

Cement content is not, per se, an important parameter as regards scaling resistance. 
There are, however, clear indications that the best concretes (with respect to 
mechanical properties) are always those with the lowest paste content (so long as 
they have an adequate water-cementitious material ratio and that their workability is 
sufficient to allow proper consolidation). It can thus be assumed that the same rule 
applies to durability-related properties. A lower paste content means an overall lower 
concrete porosity. 

Certain concretes, often known as dry concretes, have a very reduced paste content, 
and thus require the use of special placing techniques. This is the case, for instance, 
for roller-compacted concrete, and for concrete paving blocks. In these materials, 
adequate air-entrainment and proper dispersion of the mixing water can only be 
obtained with the combined use of high-energy mixers and high dosages of air- 
entraining agents 1131-1331. It has also been found that the use of supplementary 
cementing materials in these concretes can improve the cement paste homogeneity 
and helps to reach higher mechanical strengths [ 132, 1331. The results of the deicer 
salt scaling tests that have been published in recent years indicate that roller 
compacted concrete pavements and concrete paving blocks can have P good scaling 
resistance without air entrainment l134-1361. Data from another test series 
demonstrate that no-slump concrete elements, such as the pre-cast New-Jersey 
safety barrier, can also be frost resistant without air entrainment [ 1331. In all cases, 
however, the production of spherical air bubbles significantly increases the concrete 
scaling resistance. More research will be necessary to fully investigate this question. 
Shotcrete has also been investigated recently in this respect, and fundamental studies 
are also warranted in this area. 

It should be clearly emphasií-td that for most concretes, air entrainment is always 
required for good resistance to freezing in the presence of deicer salts. In addition to 
the theoretical considerations which have previously been discussed, there i s  an 
absolutely overwhelming amount of laboratory and field data that proves the positive 
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influence of air entrainment [ 137-1391. The beneficial effect of air entrainment can 
be visualized in Fig. 18 where the results of a condition survey of concrete 
structures built in the Québec City area are plotted. Unfortunately, however, air 
entrainment is not the only important requirement for good scaling resistance, and 
field problems still occur relatively frequently in properly air-entrained concretes, 
often because of poor mixture proportions and bad curing techniques. Test results 
have shown that there is no critical value of the air void spacing factor for scaling 
resistance, as it exists for the resistance to internal cracking due to freezing and 
thawing cycles [ 1091. Generally, the deterioration due to scaling simply increases 
with an increase of the spacing factor. An important consequence of this is that 
inadequate air entrainment is much better than no air entrainment. Certain tests have 
also indicated that excessive air entrainment can reduce the scaling resistance, 
probably because of the reduction of the tensile strength of the paste and of the 
easier saturation of the surface layers [ 1401. 

The characteristics of the air-void system that are important for scaling resistance are 
obviously those in the surface layers, and not those in the bulk of the concrete. 
Normally, when the surface of the concrete is not significantly disturbed during the 
finishing operations (i.e. when the surface is simply lightly troweled with a wooden 
instrument), a clear relationship exists between the scaling resistance and the air- 
void characteristics in the bulk of the concrete. It seems that there are generally 
fewer large voids in the surface layers, but that the number of small voids is 
approximately the same as in the bulk of the concrete. Overworking of the surface, 
however, as well as excessive vibration, can reduce the number of small air voids, 
and thus increase the spacing factor and the possibility of surface damage during 
freezing. 

Accelerators, retarders, and the other type of admixtures that are used for making 
concrete can all influence the resistance to deicer salt scaling. These admixtures can 
affect the durability of concrete in both direct (modification of the concrete pore 
structure) and indirect manners. In the former case, little work has been published. 
Available data on the subject seem to indicate that the use of these admixtures do not 
result in any marked change in the capillary pore structure of ordinary concrete [31]. 
The use of retarders, however, can increa5e bleeding, and thus affect the porosity in 
the surface layers. The most significant influence that any admixture can have is 
probably on the value of the air void spacing factor, since many admixtures have 
been found to influence air entrainment [103, 141,1421. This is particularly the case 
for superplasticixrs, when they are used to increase workability in normal mixtures 
(and not, of course when they are used to make low water-cementitious material 
ratio concretes). Depending on the mixture composition, the type of ,tir entraining 
agent and the type of superplasticizer, the air void spacing factor in superplasticiired 
concrete can be equal to, or much higher than, the spacing factor in similar non- 
superplastici7..d mixtures [ 143-1451. 

Castine and Curing Procedures 

Curing, primarily because of its influence on the capillary porosity of the hardened 
paste, is obviously very important as regards durability [ 103, 124, 1461. This, of 
course, is particularly true for deicer salt scaling resistance, since curing mostly 
affects the surface layers of concrete. Furthermore, in many cases, if curing 
procedures are delayed, plastic shrinkage cracking can occur, and surface durability 
can thus be significantly reduced. 

Full document details: ACI SP-145-94

http://www.avadocuments.com/doc/aci-sp-145-94
http://www.avadocuments.com/doc/aci-sp-145-94


A C 1  S P - I 4 5  94 0662949  0512087 773 W 

Concrete Durability 23 

Although the reasons for this are not always well understood, the type of curing can 
have a very significant influence on the scaling resistance. Many authors have 
reported in recent years that concretes cured with a membrane forming curing 
compound have a better scaling resistance than similar water cured concretes. This 
has been found to be true in laboratory [118], as well as field experiments [135, 
1361. A possible explanation for this could be that, contrary to membrane curing, 
water curing promotes the formation of denser concrete in the surface layers (due to 
better hydration). This could hamper water movements from the concrete to the 
surface during freezing, and thus increase the possibility of surface damage. Early 
curing at high temperatures (such as is commonly used in prefabrication plants) has 
been found to be very detrimental to the scaling resistance of certain types of 
concretes [14h, 1471. As previously discussed, this seems to be related to the fact 
that curing at elevated temperatures results in a coarser pore structure, and 
consequently more ice formation in the 0°C to -20°C range [39, 44-46]. 
Microstructural damage due to the different coefficient of thermal expansion of 
water, cement and aggregates is also possible. It is interesting to note that silica 
fume concretes appear to be less affected by curing at high temperatures [ 146, 1471. 

Surface finishing operations, as previously mentioned, can influence the properties 
of the surface layers, and thus the scaling resistance. Overworking, in particular, 
can increase the value of the air void spacing factor. Moulded surfaces, as opposed 
to troweled surfaces, are also often exposed to freezing in the presence of deicer 
salts. This is the case, for instance, for New-Jersey type highway barriers. Are such 
surfaces more susceptible to scaling damage? Again there is very little published 
information on this question. The wall effect is probably more important in this 
case, and the properties of moulded surfaces can be expected to vary with the type 
of mould and the type and amount of oil used on the inner surface of the mould. It 
can also probably depends on the orientation of the surface relative to the bleeding 
direction. What the available information suggests is that certain types of concrete 
can be more susceptible to scaling if the exposed surface has been moulded rather 
than troweled. In a published series of tests results, concretes containing silica fume 
were found to have a lower scaling resistance than that of similar concretes 
containing no silica fume [ 1481. The type of mould, however, wood or steel, was 
found to have little influence. At the present time, the information that is available is 
unsuffcient to understand clearly the phenomena involved, or to determine in which 
cases there will be a significant difference between the resistance to scaling of a 
moulded surface and a troweled surfrice. 

. 

Use of Sealers 

Sealers are generally used to prevent the ingress of chloride ions and reduce the risk 
of reinforcement corrosion. Unless the concrete has no access to moisture, those 
which form an impervious coating on the surface of concrete (such as the epoxy or 
acrylic based types), because they completely prevent moisture movements, 
generally tend to debond with time. As shown by FAGERLUND 11491, moisture 
generally accumulates in the concrete just underneath the coating, and subsequent 
freezing completely disrupts the bond. 

Silane and siloxane-based sealers penetrate into the surface layers of concrete, and 
an impervious layer is formed which prevents the ingress of both chloride ions and 
moisture. This layer, however, does not form a vapor bamer, and drying is 
possible. Many laboratory deicer salt scaling tests have nevertheless shown that 
these sealers, although they offer some protection against scaling to non-air- 
entrained concretes, tend to increase the deicer salt scaling damage to air-entrained 

Full document details: ACI SP-145-94

http://www.avadocuments.com/doc/aci-sp-145-94
http://www.avadocuments.com/doc/aci-sp-145-94


A C 1  SP-145  94 m Obb2949 05112088 b O T  

24 Marchand, Sellevold, and Pigeon 

concretes [150, 1.511. It seems that, largely because the surface of the concrete is 
always covered with a deicer salt solution during the tests, water accumulates under 
the sealed layer in concrete. After a sufficient number of cycles, microcracking just 
below this sealed layer disrupts the concrete, and this layer then relatively rapidly 
becomes completely debonded from the bulk of the concrete. Under field 
conditions, the influence of sealers will thus depend on the position of the surface in 
the structure. Vertical surfaces will normally be less affected by the use of sealers 
than horizontal surfaces which can, in certain cases, be covered with water for long 
periods of time [ 1521. 

Apine Effects 

In service, concrete structures are exposed to various exposure conditions that can 
affect, in one way or another, the properties of the surface layers. For instance, after 
a certain period of exposure, the first few millimeters of concrete under the surface 
are usually highly carbonated. Except for blended slag cement concrete, carbonation 
usually reduces the concrete porosity which subsequently incre,es the resistance to 
scaling [ 1241. 

Concrete surfaces are also subjected to frequent wetting and drying cycles. As was 
previously discussed, low-temperature calorimetry measurements have clearly 
indicated that drying tends to coarsen the hydrated cement paste pore structure. 
According to these data, drying should therefore reduce the scaling resistance of 
concrete. Unfortunately, existing reports on the subject point in both directions. 
Early results reported by VERRECK and KLTEGER [56] indicate that a short and 
relatively mild predrying can enhance the deicer salt scaling resistance of concrete. 
These conclusions have been recently confirmed by many other studies [103, 153, 
1541. Other data, however, demonstrate that prolonged predrying or predrying at 
higher temperatures (40 to 50°C) lead to an increased scaling 162, 99, 100, 1551. 
The effect of predrying at 50°C is illustrated in Fig. 19. 

More research is certainly needed to clarify the effect of drying on the scaling 
resistance of concrete. Predrying at 40°C is certainly not unrealistic relative to natural 
exposure conditions, and its effect on the deicer salt scaling resistance should 
probably be taken into account in the laboratory testing of concrete. Moreover, the 
effect of supplementary cementitious materials such as silica fume and fly ash has to 
be investigated more fully. Some studies have indicated that the deicer salt scaling 
resistance of concretes containing silica fume is much less affected by drying 162, 
1551. 

CONCLUDING REMARKS 

i n  the past decades, significant progress has been made in understanding freezing 
phenomena in porous materials. Despite the great deal of research specifically 
dedicated to the subject, the mechanisms of the deicer salt scaling deterioration of 
concrete are not yet fully understood. More research is particularly needed to clarify 
the detrimental influence of deicing chemicals. 

It is well known that the characteristics of the surface layer tend to differ 
significantly from that of the bulk concrete. More research is needed, however, to 
evaluate how the surface layer properties are affected by parameters such as the 
finishing operations, the chemical interaction with chlorides and the aging effects. 
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More information is also required to better understand to what extent the alteration of 
the surface layer pore structure affect the deicer salt scaling resistance of concrete. 

The deicer salt scaling resistance of concrete can be significantly improve by air 
entrainment, appropriate curing and good concreting practices. Unfortunately, even 
when all these conditions are met concrete surfaces can nevertheless suffer from 
scaling. 

Civil engineers and concrete technologists have numerous test methods available to 
assess the deicer salt scaling resistance of concrete. More information is needed on 
the reliability of these procedures. More research is also required to understand how 
these methods relate to field exposure conditions. 
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TABLE 1 - PROPOSED CLASSIFICATION OF PORE SIZES (ACCORDING TO REF. 9) 
~~ 

Name Upper radius Type of pore water 

Macro capillaries 2 mm 
Meso capillaries 50 prn Macroscopic bulk water 
Micro capillaries 2 Km 

Mesopores 50 nm Condensed water 
~~ ~ 

Micropores 2 nm Structured surface water 
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Fig. 1-Differential entropy and enthalpy of pore water in hydrated cement paste (HCP) and porous 
Vycor glass (from Ref. 10) 

/ Capillary pore wall 

' Capillary pore waii 

Fig. 2 - C u r v e d  liquid water-water vapor interface in a capillary pore partially filled with water 
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