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Freezing Effects In Concrete· 

By 
T. C. Powers 

Synopsis: Theories as to the mechanism of freezing and thawing damage 
in concrete have been advanced for more than 40 years. The author 
discusses the evolution of these theories for cement paste, aggregate 
and the overall concrete. Since the author was prominent in the devel­
opment of many of the theories his current views of the mechanism of 
freezing and thawing in concrete are of unique interest. 

Keywords: a re ates; air entrainments; bubbles; cement pastes; 
concretes; cracking fracturing); deicers; freeze-thaw durability; 
freezing; lightweight aggregate concrete; plastic shrinkage; scaling, 
temperature; water-cement ratio. 

*Note: This paper is essentially the reply Dr. Powers gave to a 
letter of inquiry from ACI 201, Durability of Concrete, asking for 
comments on a committee draft of "freezing and thawing phenomena in 
concrete." 
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2 durability of concrete 

T.C. Powers graduated from Willamette University in 1925 B.A. degree. 
Chemist and testing engineer for the Oregon Highway Commission, 
concrete technologist for Bull Run Dam and manager of a ready-mix 
company were his early experiences. In 1930 he joined the research 
and development laboratory of the Portland Cement Association where 
he was an outstanding researcher until his retirement. A three time 
recipient of the ACI Wason Research Medal 1932, 1945 and 1948, he 
now lives in Green Valley, Arizona. 

INTRODUCTION 

Specimens of concrete kept continually wet on all surfaces by 
spraying or immersion usually become damaged or destroyed when they 
are cooled well below the normal freezing point of water; if the 
period of soaking is long, nearly all concretes so exposed, air­
entrained or not, cannot withstand freezing. On the other hand, con­
crete structures having at least one surface exposed to air continually 
show extremely various behavior, from total failure, usually localized, 
to apparent immunity to freezing effects. The mechanisms of freezing 
effects are likewise various; they have been the subject of systematic 
research for many years and can now be explained; only some matters of 
detail and certain quantitative aspects remain for conjecture or fur­
ther research. 

Early Hypotheses 

Some early attempts to explain damage caused by freezing were 
based on the fact that water expands 9 percent when it freezes. If a 
closed vessel is more than 91.7 percent full of water, it will be stres­
sed when the water freezes, perhaps to failure. It was assumed that 
damage occurs when the pores.are more than 51.7 percent full at the 
time of freezing. On this basis, materials were supposed to have a 
critical saturation point of 91.7 percent, although experiments 
indicated that for some materials the critical point was below that 
level. 

In 1945 Powers1 pointed out that concrete is not a closed vessel, 
and that even if it were it always contains enough air-filled space to 
accomodate the increase in water volume caused by freezing. 2 He ad­
vanced the hypothesis, which was further amplified in 1949, that 
the destructive stress is produced by the flow of displaced water 
away from the region of freezing, the pressure being due to the vis­
cous resistance to such flow through the permeable structure of the 
concrete; if the water content is above the critical saturation point, 
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freezing.effect in concrete 3 

such flow will take place. Since the resistance to flow at a given 
rate is proportional to the length of flow path, it follows that there 
is a critical length of flow path, or critical thickness of the body 
being frozen, beyond which the hydraulic pressure exceeds the strength 
of the material; critical thickness was defined in terms of a state 
of complete saturation. 

Data on the probable rate of ice production at a given rate of 
cooling, and data on the magnitude of the coefficient of permeability 
of concrete, gave figures showing that the critical thickness was of 
the order of 0.01 in., and this seemed to account for the necessity of 
entrained air in concrete. The air bubbles were thought of as spaces 
into which the excess water produced by freezing could be expelled 
and then frozen witho~t generating destructive pressure. 

Earlier, a different hypoth·es is had been advanced by Collins, 3 
based on still earlier work by Beskow4 and by Taylor5 on frost heaving 
of soils. By this hypothesis, the stress is not produced by hydraulic 
pressure but by the segregation of ice into layers, the unfrozen water 
in the concrete flowing toward the region of freezing, rather than 
away from it. Powersl,6 considered this hypothesis, recognized its 
soundness as applied to certain soils, but believed it to be inapplica­
ble to a cohesive system such as mature concrete, although McHenry and 
Brewer6 had demonstrated its applicability to concrete only 4 hr old. 

After the development of working hypotheses, there followed a 
long systematic research which made possible firm conclusions about 
the nature of frost action in concrete based on experimental observa­
tions rather than theory. As is shown in the following discussion, it 
turned out that in general all the theories mentioned above, with some 
modifications, are required to account for the nature of freezing 
effects in concrete. 

Freezing Phenomena in Cement Paste 

The hydraulic pressure hypotheses described above was based on 
incomplete studies of the structure of hardened cement paste and 
quantitative measurements of the amount of water that freezes in it 
at various temperatures.? These studies showed that a considerable 
fraction of the evaporable water in saturated paste is in the adsorbed 
state, and we now know from thermodynamic considerations as well as 
experiment that adsorbed evaporable water is not freezable.27" The 
rest of the evaporable water is held in spaces called capillaries or 
capillary cavities, and it is freezable. 

However, there is a wide range of cavity sizes, and there are as 
many different melting points of ice as there are different sizes of 
cavity in which the freezing can occur, for all these spaces are so 
small that the melting point of the ice bodies they can contain are 
significantly lower than the normal melting point, the lowering of 
melting point being greater, the smaller the cavity. 
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4 durability of concrete 

The melting point of ice in cement paste is lowered also by 
dissolved alkali, but the effect, although significant, is not as 
great as that due to small dimensions. 

The import of the findings just mentioned is that after cooling 
to a temperature in the freezing range, all the freezable water in 
spaces smaller than a certain size corresponding to that temperature 
must remain unfrozen, the lower the temperature the smaller the 
amount remaining unfrozen. Some of the water in the larger spaces 
will be frozen, but not all of it; owing to the dissolved alkalis, 
each cavity containing ice will contain also a relatively concentrated 
unfrozen alkali solution having a solute concentration determined by 
the requirements for thermodynamic equil~brium with the ice in the 
cavity. Also, as discovered by Helmuth, if the temperature was 
reached by cooling, the actual quantity of ice is generally much 
smaller than the quantity that is thermodynamically freezab 1 e at the 
given temperature. This phenomenon is a consequence of the fact that 
water will generally supercool rather than freeze unless it is seeded 
by an ice crystal; freezing in paste is propagated from a starting 
point by rapid growth of dendritic ice crystals; the ends of these 
dendrites are presumably larger (blunter) the higher the temperature, 
and vice versa; hence an isolated cavity cannot begin to freeze until 
the temperature is low enough to produce a crystal slender enough to 
penetrate an 9pening into that cavity. The methods used by Powers 
and Brownyard revealed the amounts of ice in a specimen that had 
been cooled to 78 C, and gave data on progressive melting as a func­
tion of rising temperature; thus they gave the maximum amounts of ice 
that might exist, but not the actual amounts produced during cooling. 
Helmuth's experiments, showing the relatively small fractions that 
freeze on cooling, are supported by data of Vuorinenl2 which show 
that at 15 C, for example, approximately one-half of the water in 
pores large enough to be frozen at 15C remains unfrozen. The.se data 
show that early attempts to quantify hypotheses were based on over­
estimates of the rates of ice production. 

In 1953, Powers and HelmuthlO reported studies of the effects on 
specimen volume of freezing in cement paste, with special reference 
to the hydraulic pressure hypothesis of 1945-1949, referred to above. 
Although in some experiments there seemed to be clear evidence of 
effects due to hydraulic pressure, especially with pastes of relativelM 
high porosity, fully saturated, there were other important observations 
that could not be explained on that basis; specifically, with non-air- . 
entrained paste the hydraulic pressure hypothesis could not account ·• 
for continued dilatation while the temperature was held constant, and ., 
it could not explain the shrinkage of air-entrained paste; moreover, 
the expected effects of changes in rate of freezing were not observed 
consistently. Later sutdies by Helmuth9 showed also that a slightly 
desiccated non-air-entrained paste will shrink during cooling after 
the beginning of freezing, but will expand sharply after some low 
temperature had been passed; this too is incompatible with the theory 
that expansion is caused by hydraulic pressure generated by flow away 
from the freezing sites. 
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freezing effect in concrete 5 

It became evident that most of the effects of freezing in cement ' 
pastes were due to the movement of unfrozen water to the freezing 
sites; indeed, the reaching of thermodynamic equilibrium between the 
ice and the unfrozen solution, and between the concentrated solution 
at the freezing site and the more dilute solutioS in the unfrozen 
capillaries, required such a transfer of water.l The initial produc­
tion of ice in cavities produces a relatively concentrated alkali 
solution in those cavities, and therefore the movement (diffusion) of 
unfrozen water to these cavities is like osmosis, and the generated 
pressure, if any, is osmotic pressure. It is easy to show that osmotic 
pressure can be sufficient to account for disintegration. 

It was shownl4 that the process of generating pressure by dif­
fusion of water to an ice containing cavity will operate at any solute 
concentration including zero, i.e., pure water. In the latter case a 
cavity becomes filled with ice (and a layer of adsorbed water) rather 
than with ice and concentrated solution, and the pressure developed 
from the in diffusing water could aptly be called crystal pressure due 
to the growth of the body of ice in the cavity. However, there is no 
fundamental difference between the two cases, and the discussion be­
comes simpler by speaking of osmotic pressure regardless of the magni­
tude of the solute concentration. 

Whether or not osmotic pressure is generated in a cavity where 
freezing has occurred depends on whether or not the cavity is full of 
so,lution and ice. ,ltib.e_supp.l~ ... Qf_unfrozen capillar~ water is rela­
.t1Y~Y-~n~qntJ~iiY. becomes ex~nsive after diffusion 
~.hasJ.iJJ_e.cLthe_c_ayj.ty; before the e~ns lVe s tageTS reachecr.tfie paste 
.tends to shrink as water iSdr"awnfrom--tl1eunrrazen·-cavn:ies-tothe··­
ca.vj_ties __ ~_onta i ni ng ice: the observed change 1 s a resurtanrorth"etwo 
e.ff.e.c.t.s...__. ...... ·--·--·---·-

The main function of entrained air bubbles in cement paste is to 
prevent the development oL~i.c..p_r:as.s.u.ce., Moisture in an air bubble 
rreezes as soon as any freezing in capillary cavities occurs. The 
unfrozen capillary water m~ diffuse either to the ice and solution in. 

;the a1r bulililecirtotnat1n the capillary cavit,y. If it moves to a 
~av1tB already full of ice and alkali solution,'>osmotic pressure devel­
op~! ut if it moves into an ~ir bubble, no.osmotic pressure develoes .. 

lffiere-Decause t~e air bubble 1s far from be1ng full; therefore the 1ce 
~tnarsolut1on in the a1r bubble wins the competition for the unfrozen 
s.~PJJ1.afl __ ~~I~r~:~~lm:Ruf@.r~~l=.9Tw~l.~r .. "IfOm·"JJi«L~meriJ::-~?~J:e-pY'~ 
-thrinkage--a freeze-dr~ing effect; the shrinkages per degree Of coOT1ng 
~s about two times the normal thermal contraction P.er deg of cooling. 
lf the a1r bubbles are close enough together, the elimination of osmot­
ic pressure is practically total. Experience indicates that there­
quired bubble-spacing factorl5,28 is about 0.006 in., which corresponds 
to an actual spacing somewhat less than that. 

An important finding of these studies is that any paste of normal 
composition, i.e., of any practically acceptable water-cement ratio, 
and made with any type of portland cement, can be made completely 
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6 durability of concrete 

immune to damage by the freezing of the water it contains by means of 
entrained air. On the other hand, any paste made with any type of 
cement without entrained air will fail the first time it is frozen in 
a· saturated state. Therefore, where exposure conditions require it, 
entrained air to protect the cement paste is prerequisite to building 
a durable concrete structure. However, as is shown below, air-entrain­
ment a 1 one does not preclude the pass i bil ity of damage of concrete due 
to freezing; freezing phenomena in rock particles must be taken into 
consideration. 

Freezing Phenomena in Rock Particles 

Studies of the freezing of various rocks by Thomasl3 and others 
revealed the same kinds of phenomena as those observed with cement 
paste; therefore, results of the extensive studies of freezing in 
cement pastes can be applied to rocks. 

The rocks commonly used for concrete aggregates contain inter­
connected capillaries as shown by their ability to absorb water. When 
saturated, a rock contains unfreezable adsorbed water, and there is a 
wide range of small capillary sizes, giving rise to a range of melting 
points when the system is frozen. However, in an ordinary rock of 
good quality, the amount of adsorbed water is negligible, the average 
capillary size is much larger than that in a typical hardened cement 
paste, and a relatively large fraction of the evaporable water in a 
saturated specimen can freeze in a narrow range of temperatures not 
far bel ow the norma 1 me 1 ti ng point. For this reason, mast ·saturated 
rocks tend to expel water during freezing,l7 and stress in rock and 
matrix is produced by hydraulic pressure; in other words, the hydrau­
lic pressure hypothesis is applicable. 

A given kind of rock, frozen by itself, will show a critical size 
below which it can be frofetl without being damaged, as was demonstrated 
by Verbeck and Landgren.l ,16 The critical sizes* of rock quality range 
upwards from perhaps a quarter of an inch, whereas the critical size 
or thickness of cement paste is less than 0.006 in., an observation 
that reflects the great structural difference between cement paste 
arid rock qua 1 i ty. 

When in air-entrained concrete, each particle of an aggregate is 
isolated by a matrix composed of cement paste and air voids. When ~ 
freezing occurs, the excess water in rock particle produced by freezing 
tends to be forced i·nto the matrix. If for examp 1 e the porosity of tbe 
rock is 2 percent by volume, all the efflux must try to enter the rna-· 
trix through only.about 2 percent of the interfacial area between the' 
rock particle and the matrix; this consideration, together with the 

*Note: for warnings about oversimplifying the concept of critical 
size and critical saturation, see Reference 16. 
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freezing effect in concrete 7 

lowness of the coefficient of permeability of hardened cement paste, 
explains the fact that an ordinary good quality aggregate is able to 
destroy air-entrained concrete if some of the rock particles became 
saturated before freezing occurs. The results of standard freezing 
and thawing tests prove the point: the nature of the test is such that 
the aggregate p.arti cl es must eventually become saturated and produce 
failure. 

On the other hand, there are some comparatively rare aggregates 
having capacities for freezable water so near to zero that they do not 
produce stress when freezing occurs, and air-entrained concrete made 
with such aggregate has been found to withstand more than a thousand 
standard cycles while suffering only superficial damage. 

With ordinary aggregates, the destructive effect of freezing in 
air-entrained concrete is larger, the larger the particle, assuming 
that large and small particles have the same structure. This has been 
observed experimentally, and it is to be expected from consideration 
of the volume of water to be expelled per unit of interfacial area, as 
well as from the effect of critical size; a rock that would fail if 
frozen alone could be doubly destructive if frozen in concrete. 

The role of entrained air in alleviating the effect of freezing 
in rock particles is minimal. There is some evidence that the air 
bubbles in the matrix are able to relieve the pressure from water 
forced out of sand particles, but not so for the larger particles. 

Because of capillary size effects, and perhaps the presence of 
solutes, some of the water in a rock remains unfrozen at a given sub­
freezing temperature. Therefore, secondary effects due to diffusion 
of unfrozen water to the ice are orobably present but are not ordinar­
ily observable. However, Thomasl3 did observe some rocks to expand 
while the temperature was held constant, and other to shrink. Some 
argillaceous rocks hold considerable amounts of free capillary water 
in very small spaces and show freezing behavior similar to that of 
cement paste not protected with entrained air; some of these rocks are 
even worse for they can be disintegrated by water without freezing.27 

Dunn and Hudec27 advanced the hypothesis that the principal cause 
of·disintegration of rocks is not freezing but the expansion of ad­
sorbed water during cooling; specific cases of failure without freezing 
seemed to support their more general conclusion. However, extensive 
studies of adsorbed water by Helmuth9 and others gives no support to 
the assumption that adsorbe<l water expands when cooled. It is true 
that the cooling of a system that contains both adsorbed and capillary 
water will cause th~ relative proportion of adsorbed water to increase, 
but this increase produces no expansion of the system beyond its orig­
inal dimensions. It now seems clear that the Dunn and Hudec experi­
ments on certain clay-bearing rocks either involved the osmotic pres­
sure mechanism explained above for cement paste, 18 or swelling produced 
by the disjoining action of adsorbed water in the unbonded-clay constit­
uent of the rock.19 
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8 durability of concrete 

Overall Effects in Concrete 

A general discussion of results of experimental investigations of 
frost action in concrete was given by Powers in 195525 and again in 
1965.26 It is now clear that the paste and the aggregate should be 
considered separately not only when explaining frost action, but also 
when making concrete for severe exposure. 

If the matrix of the aggregate in concrete is composed of hardened 
cement paste and a sufficient concentration of air bubbles, (spacing 
factor not more than about 0.006 in. )28 freezing the capillary water 
in the paste does not produce destructive stress, but without entrained 
air, the matrix fails as soon as the paste becomes saturated. 

With ordinary "sound" aggregates, the saturated particles must 
expel water when freezing occurs. Consequently, air-entrained concrete 
is ordinarily not able to withstand stresses due to freezing when the 
concrete is subjected to a perpetually wet environment. This is shown 
by the fact that nearly all air-entrained concretes disintegrate in a 
standard freezing and thawing test; they disintegrate at once if the 
aggregate particles are saturated at the start, an unusual condition 
because of the effects of self desiccation during early hydration; 
otherwise, they disintegrate gradually as the aggregate absorbs water 
in the course of. the test. Such failure reflects the inability of 
entrained air to control stress originating in the aggregate, particu­
larly the coarse aggregate; it does not necessarily signify that the 
paste is inadequately protected, although such can be the case in air­
entrained concrete if the void size distribution is abnormal. For 
extensive discussion of the air content, see Reference 23, Chapters 7 
and 8. 

Pressure originating in an aggregate particle may rupture the 
particle and the matrix, or it may cause a separation between the 
matrix and the particle; if the particle is near the surface of a 
pavement, a popout may be produced. 

There are a few rocks that can contain practically no freezable 
water. Air-entrained concrete made with an aggregate composed entirely 
of such rock will withstand freezing under continually wet conditions 
for a long time, but it cannot do so for an unlimited time because the 
air bubbles eventually become filled with water, and the leaching of 
lime from the paste eventually destroys it even if freezing does not. 
Moreover, fluctuation of temperature without freezing can produce 
gradual swelling and eventually failure,21,22 at least with some 
materials. 

Because of the rarity of "unfreezable" rock, durable structures 
must in general be built with intrinsically vulnerable concrete, the 
absorbtive aggregate being the uncontrollably vulnerable constituent. 
The durability of most structure, made of air-entrained concrete is to 
be attributed, generally, to circumstances that keep the aggregate 
particles from becoming critically saturated. The most obvious factor 
is the alternation of drying and wetting periods; the rock pores cannot 
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freezing effect in concrete 9 

become critically saturated until after the paste becomes saturated; 
the process is slow, and is slower the lower the coefficient of permea­
bility of the paste. Therefore, under severe conditions rich air-en­
trained concrete lasts longer than lean; it may even last indefinitely 
as far as freezing is concerned. 

An equally important factor is the phenomenon called transpiration, 
which in the present context is the diffusion of water away from a wet 
region in the concrete toward an exposed dry surface, first discussed 
in 1965,16 if an air-entrained concrete structure standing in water 
or wet soil presents one or more exposed surfaces, transpiration will 
usually keep the moisture content of the aggregat~ under the critical 
point at levels in the structure well below the water or ground line. 

Besides being subject to the intrinsic limitations of most ag­
gregates, concrete structures may be also vulnerable because of struc­
tural flaws that may develop spontaneously during the bleeding period 
because of shape of form, or horizontal bars, or faulty curing and 
finishing procedures. For a discussion of the nature of these phenom­
ena, see Reference 23, Chapter 11. 

Scaling Due to Deicers 

The use of deicers on non-air-entrained concrete slabs usually 
results in localized failures near the ~urface~ described as scaling. 
Experimental evidence indicates that the localized effects are severe 
because of the dissolved sodium chloride or calcium chloride becoming 
concentrated in the larger capillary pores of the paste near the sur­
face of the slab. This augmented concentration tends to increase the 
magnitude of osmotic pressure that develops after or during freezing, 
and thus makes the destructive effect more severe. Entrained air has 
the same effect explained above: it prevents the build-up of osmotic 
pressure in the capillary cavities. 

Field experience indicates that with entrained air of normal 
characteristics, and in the absence of improper finishing procedures, 
entrained air prevents scaling; however, in laboratory tests, where 
the concrete is denied the benefit of occasional drying, it does not 
always appear to be fully effective, and this is probably due to the 
aggregate particles near·the surface becoming critically saturated. 
For a more complete discussion, see Reference 16. 
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The Significance Of Critical Degrees 
Of Saturation At Freezing 
Of Porous And Brittle Materials 

By 
G. Fagerlund 

Synopsis: The paper treats the problem "Frost Resistance" as a general 
problem for all porous materials. The basis is the undeniable fact 
that well defined critical degrees ·of saturation exist for all porous 
materials, 

1 st part--The difference between the new way of defining critical 
degree of saturation (as a materials constant) and the usual way (as 
functions of a combination of properties of material and environment) 
is discussed, Method of determination is shown and discussed, 

2nd part--Possible definitions of moisture conditions are pro­
vided. 

3rd part--By comparison of the critical degree of sat.uration and 
the actual reached in practiee the frost resistance can be expressed 
by a plain figure which makes a rational choice of material possible. 
The method is exemplified. A method of determination of the actual 
water content is shown. Hypothesis~ are put forward as regards frost 
resistance of layered structures or particle composites and frost 
resistance at use of thawing salts. 

4th part--On basis of the hydraulic pressure theory connections 
between materials properties and critical degree of saturation are 
derived, Measurements of amount of ice formed, rate of ice formation 
and length-changes together with estimations on temperature-permeabi­
lity relations show the reasonableness of the hydraulic pressure theory. 
Connections between pore properties and actual degree of saturation are 
discussed, 

Keywords: air entrainment; concretes; deicers; freeze-thaw 
durability; freezing; ice formation; mix proportioning; modulus of 
elasticity; moisture content; permeability; Poisson's ratio; pore 
water pressure; porosity; temperature; water. 
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THE EXISTENCE OF CRITICAL DEGREES OF SATURATION AT FREEZING 

General Discussion 

The concept "critical degree of saturation" has got a rather bad 
reputation even by seriously working scientists. So for instance Powers 
writes (1): 

"Whatever success such theories (about the existen9e of critical 
degrees of saturation, the authors remark) have had when applied to 
clay products, rock or concrete, may be ascribed to constancy of the 
effect of variable factors not explicitly represented in the analysis, 
For example, if among a certain group of materials a satisfactory 
correlation between degree of saturation and damage produced by 
freezing has been observed, factors other than degree of saturation 
have been constant or have had a simple, more or less fortuitous rela­
tionship to degree of saturation." 

In another place Powers writes about concrete aggregates (2): 

"Thus we see,that if the water is not uniformly distributed within 
an aggregate particle at the time of freezing, the critical saturation 
point for that particle based on its overall capacity might be con­
siderably less than 91,7% (the theoretically lowest degree of satura­
tion). It is therefore impossible to establish any single 
value for the critical saturation point that would be a reliable basis 
for predicting the effect of freezing of aggregate particles either 
alone or in concrete: obviously this must be true for concrete as a 
who:j.e," 

By his first statement Powers evidently means that a critical 
degree of saturation as a characteristiCs of a whole family of materials 
could reasonably not exist. Such materials properties as porosity, 
pore-size distribution, strength, permeability etc must have a decisive 
importance for the amount of water which can be contained within a 
material despite risk of frost damage, Thus a general critical degree 
of saturation could not exist. 

By his second statement Powers shows the meaninglessness in trying 
to define a critical degree of saturation since the water content in a 
specimen or a part of structure often varies across its section. He 
evidently looks upon the degree of saturation as a mean value throughout 
the whole materials volume. 
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Powers~ categoric statements,which are representative for many 
scientists,might easily discourage from each further research work on 
critical degrees of saturation. However used in a more refined way the 
concept ·critical dP.gree of saturation can be extremely useful cg. o.t eva­
luation of the connect ions between materials structure and frost 
resistance, 'rhis will be shown further on in this paper, 

Of course Powers has right in his cited statements,but only from 
the starting-point of his own assumptions, If the concept critical 
"degree of saturation" should have any meaning at all it must be 
defined in a special way, viz, the critical degree of saturation is a 
materials constant that adopts individual values for each particular 
material, Each single value is valid for a special combination of 
materials properties, So for instance the critical degree of saturation 
for a material like concrete may vary from for instance 0,50 to 0,92 
dependent on mix proportions, quality of constituents of the concrete, 
way of manufacturing, degree of hydrati.on , etc, Frost damage does not 
occur even at a large number of frost cycles if the actual degree of 
saturation in a structure does not in any point of the structure exceed 
the critical degree of saturation in the same point. 

Thus, a proper use of the principle of critical degrees of satu­
ration demands, partly that the distribution of moisture in the 
structure is known, partly that the critical degree of saturation or 
the combination of materials properties,that determines the value of 
the critical degree of saturation,is known in all parts of the struc­
ture. 

Such a condition that the materials properties within the same 
materials unit may vary throughout the unit, for instance with a 
layered construction, does therefore not reduce the servicableness of 
the critical degree of saturation as a criterion on frost resistance,as 
long as the critical and actual degrees of saturations are known 
throughout the unit, 

Then,why has the critical degree of saturation got such a dis­
repute? Without doubt this depends on very unlogical ways of treating 
the concept, 

Attempts have been made to find universal critical degrees of 
saturation that would be valid for a whole group of materials or 
even for all porous materials, (3), (4, 5) and others, Such 
attempts are absurd and can easily be rejected by experiments. 
(6), (7). 

The critical degrees of saturation are, as far us we know, always 
based upon the state of moistening before the first freezing. So 
for instance the concept "coefficie;:;t"''fabsorption" (S accord­
ing to the definition in eq (1) ) is often used as a coRcept 
synonymous to the critical degree of saturation, 

( 1 ) 

All the specimemare consequently stored in water for a long time 
before the freezing test star-ts. Hence they all have the same state of 
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moistening, correspondent to S , before the first freezing, The 
freezing cycles do normally in,olve some period where the specimemare 
placed in water, for instance at thawings. Hence,the degree of satura­
tion changes all the time, Normally it increases with increasing number 
of cycles, Damage occurs when the increased degree of saturation 
exceeds the critical value, Therefore the choice of number of cycles 
is extremely important for the judgement of frost resistance,that is, 
for thejudgement of critical coefficient of absorption, 

On the basis of such freezing experiments same authors have tried 
to find correlations between the coefficient of absorption and the 
observed behaviour at freezing, (3), (4). Of course this is doomed to 
failure, There is from a logical point of view no correlation between 
the coefficient of absorption and the critical degree of saturation, 
The former is only a measure of the hydraulic properties of the 
material while the latter is a complicated function of strength, duc­
tility and pore properties of material. 

However, once the incompatibility of the coefficient of absorption 
and the critical degree of saturation is understood, things become more 
clear. The critical degree of saturation must be determined on speci­
mens where the water content is constant throughout the whole test, 
Suitably a series of specimen are adapted to different degrees of satu­
ration before the first freezing, This can be done by drying from a 
wetter condition or by wetting from a dryer condition. The specimen$ 
are sealed from water loss, 

Each specimen is then frozen and thawed a couple of cycles in air 
with a reasonable rate of temperature lowering. The dynamic Young's 
modulus or length or thickness is measured before and after the freez­
ings, The critical degree of saturation can normally be indicated 
as a very evident knick-point in a diagram residual Youngs modulus or 
dimension versus degree of saturation. 

The scattering around the critical value is normally small if the 
tested specimens have fairly similar properties, the greater the 
scattering in properties,the greater the uncertainty at definition of 
the critical value, 

The number of cycles used is without greater importance in this 
experiment, Since there is no water exchange with the environment, 
damage does not occur even at many cycles,if the specimen has a lower 
water content than the critical. This has been experimentally confirmed 
up to 165 cycles. 

However,different materials are more or less ductile which means 
that a certain transgressionof the knick-point value of degree of 
saturation is more or less disastrous, 

In figure 1 is shown the determination of critical degrees of 
saturation of two almost identical concretes, one is a normal non­
airentrained concrete, the other is reinforced with short pieces of 
steel fibre (~ 0,3 mm, len~th 25 mm). Each dot represents one specimen 
with size 40 x 40 x 160 mm , 14 different specimens are used, S is 
defined according to eq (3), e 
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The critical values,as defined at the knick-point1 are the same for both 
materials which is expected, (eq (25)), but the reinforced specimen 
gets less damage if SCR is exceeded because of its greater ductility. 
Hence,in reality the reinforced material can stand more water than the 
non-reinforced, It can therefore be suitable to supplement the S R­
value defined as the knick-point value with information of the stope of 
the line of S > SCR' 

The values in fig 1 are obtained after 10 - 13 cycles. In fig 2 is 
shown principles of the evolution of the dynamic Young~s modulus with 
increasing number of cycles,when the water content is constant. The 
short time fracture character of frost damage (not fatigue character) 
is clear from the figure,as well as the relative ease of defining the 
value of SCR' Often a relatively great decrease in modulus occurs at 
the first freezing (curves (b) and (c) ) even when S is low, This is 
inevitable. However if no further damage occurs at .the following 
freezings the water content in the specimen is lower than the critical. 
Curves(d),(e) and (f) are typical for specimen where S > SCR' 

The results in fig 1 are no exception. By the same freezing 
technique a large amount of different building materials 1at the present 
more than 60 different qualities and types, have been tested as 
regards their critical degrees of saturation. The results are based 
upon more than aooo specimens. See (8), 

In no cases there has been any difficulties at indicating critical 
values. Therefore,the existence of critical degrees of saturation has 
been proved beyond each doubt. Their values defined according to eq (3) 
cover a range of 0,22 1determined for a no fines light aggregate con-
crete1to 0,91 for a cla~ roofing tile • If consideration is taken 
to the fact that only a part of tne water is freezable the range is 
further broadened, 

Practical Aspects of D.eterminations of Critical Degrees of Saturation 

Since the critical degree of saturation is regarded as a materials 
constant,the specimens used are as small as possible in order to 
assure simultanous freezing in the whole specimen and an even moisture 
distribution. llowever,the specimens must be big enough to be represen­
tative cells of the material. Besides they must be bigger than the 
critical size, For a concrete the condition of representative cells 
gives relatively big specimens. With an aggregate size of 30 mm the 
diameter of a cylindrical specimen must be at least 100 mm. The need 
of a big specimen may however bring a conflict with the need of simul­
tanous freezing. When the temperature of the ambient air is lowered a 
temperature gradient arisesin the specimen. As long as the rate of 
temperature lowering is moderate the temperature gradient in the 
specimen is limited. Since the specimen is frozen in air normally a 
substantial supercooling occurs. llence,all parts of the specimen may 
reach a temperature equal to or lower than the ordinary freezing tem­
perature of the pore water, before ice formation is initiated somewhere 
in the supercooled water. Within a few seconds from initiation of 
freezing the ice front has penetrated all pores whith water potentially 
freezable at the prevailing temperature. Freezing is then seeded and 
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going on simultanously in the whole specimen even when this is rela­
tively big, Besides most of the water is formed around 0°C without any 
temperature lowering worth mentioningJf the degree of saturation is 
fairly high, Therefore,the surface part and the inner parts of the 
specimen never get any great temperature difference even at big speci­
mens. The principles are shown in fig 3 which shows halves of specimens 
of two different sizes, The specimen to the right is freezing almost 
simultanously while the specimen to the left is freezing with a moving 
ice front. 

It can of course be questioned whether the critical degree of 
saturation should not be determined on specimens freezing from one 
side, that is,with a moving ice-front. However,as we see it,this way 
of freezing brings greater difficulties to determination of the exact 
value of SCR' Besides,the problem of moving icefront as well as the 
problem of moisture gradient at freezing can probably be treated 
theoretically once S R is known for a small volume of the material 
freezing simultanous£y and with no moisture gradient. Eqs (15)(16). 

Normally there is no important moisture gradient through the 
specimen when freezing starts. This has been confirmed on sp~cimens 
6o x 30 x 120 mm~ of different materials. Those specimens,adapted by 
drying to different degrees of saturation,have been placed in the 
dgep-freezer and a normal freezing cycle has started. Immidiately before 
0 C-temperature the specimens were taken out and chopped in pieces, The 
pieces were dried at + 105°C. A result is shown in fig 4. The risk of 
.moisture gradients is less the higher the moisture content. Besides 
the risk ought to be less if the specimens are adapted to proper water 
content by wetting than by drying. viz at drying the surface of the 
specimens might reach moisture contents lower than the average aimed 
at. Then,because of hysteresis wetting- drying,the outer parts of the 
specimen might not reach the same high degree of saturation as the 
inner part even at equilibrium in pore-water pressure through the whole 
specimen, Therefore the average water content is: normally less: then 
that in the wettest part of the specimen, The principles of this is 
shown in fig 5. 

A sui table way of reaching a certain degree of saturation in a 
spec~men is to use r~latively dry specimens (dryer than SCR)~ put each 
spec1men separately 1n a vacuum chamber, evacuate the pore-a1r to a 
certain residual pressure for a few minutes and then let the water 
into the chamber. Fig 6. In this way, by chosing suitable pressure~ a 
spectrumof specimens of different degrees of saturation is obtained, 
Since every part of the specimen has reached its degree of saturation by 
wetting no problems of hysteresis exist. 

It is,however,not quite sure that S R will get the same value for 
specimens dried as for specimens wetteneH to their water contents at 
freezing. Fig 5 shows two hypothetical moisture equilibrium curves. The 
drying curve do always correspond to a higher suction value (pF-degree), 
Hence, at a certain moisture ratio,the water is located in smaller pores 
if the moisture ratio has been attained by drying than if it is attained 
by wetting. It will later on be shown that this means that the critical 
degree of saturation is minimum when it has been attained by drying from 
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a complete wet condition, 

Normally, the pore water pressure of a specimen is not determined 
by the extreme wetting- or drying curves but by a scanning curve between 
the two extreme-curves. Fig 5, 

However, by experiments it seems as if SCR is not influenced to any 
great extent by the way of adapting specimens to proper water contents. 
Besides, the effect ought to be greatest at the first freezing, After a 
couple of freezings moisture is probably redistributed in the specimen 
in about the same way despite method of adaptation. 

In our test method the specimens are mounted on rotating wheels 
in order to facilitate the mounting of specimem in the freezing chamber, 
to avoid effect of temperature gradi~nts in the ambient air and above 
all to avoid moisture redistribution in coarse-pored materials because 
of gravitational force • The wheels rotate 1 rpm. The rotational di­
rection is changed for each full revolution in order to make temperature 
measurements possible, 

The freezing apparatus consists of an ordinary deep~freezer. It 
has been provided with two fans on the lid, with a temperature sensor, 
with a controle cell of copper containing 25 grams of pure water and a 
thermocouple and with two heating elements. 

The system of regulating the temperature will not be described in 
detail. It will be published elsewhere (8). However,described in brief: 
The temperature in the box is measured by the sensor, The information 
goes to a tyristorized temperature regulator. The actual temperature is 
compared with the temperature aimed at. This in turn is provided to the 
regulator from a potentiometer mechanically regualted by a revolving 
disc on which periphery the freezing cycle is cut. The freezing box ie 
working with full capacity for which reason. any divergence from the 
proper cycle is adjusted by the regulator supplying more or less effect 
to the heating elements in the box. 

The disc rotates one round per 6 hours. 5 hours correspond to the 
freezing part and 1 hour to the thawing part of the cycle. However,by a 
microswitch the disc is stopped at the lowest temperature, =-18°C, for 
1,5 a 3 hours and at ~+5°C, for 3 multiples of 1,5 a 3 hours, The first 
stop brings the specimen down to -18°C and the last makes a complete 
thawing possible. 

The controle cell is used as a guard of the function of the 
temperature regulator, viz,when corrections are made for the rapid 
freezing caused by supercool~ng of the water in the cell,it should 
always take the same amount of time to freeze the water, The freezing 
apparatus is shown in fig 6 and the cycle in fig 7. 

It must be noticed,that only the air-temperature is carefully controled, 
Hence the rate of temperature lowering of each specimen can be quite 
different dependent on its heat capacity, ita total amount of water and 
its amount of freezable water at different temperatures. Beside its 
surface/volume ratio may influence the rate of temperature lowering, 
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since a high such ratio causes a high rate of heat loss and consequent­
ly a high rate of freezing. cf eq(39). Hence,in order to get fair com­
parisons between different materials,the specimen size and form ought 
to be the same for all materials, or the cycle ought to be somewhat 
changed when the specimen size is changed, The difference in surface/ 
volume-ratio is sometimes ratherbig for imaginable specimens; 01 5 for 
a cylinder~- 100 x 200 mm 3 and 1,1 for a prism 40 x 40 x 160 mmj. 

The rate of temperature lowering is in average 4,6 °C/h, faster at 
the start and the end of the freezing cycle and slower at the middle, 

However,as shall be discussed later,it is not so much the rate of 
temperature lowering that is interesting as the absolute temperature 
difference between the surface of the specimen and the ambient air. 
This difference determines the rate of heat loss from the specimen,Eq(38) 

If the degree of saturation is defined according to the physically 
correct eq (2) there is a need of knowledge of non freezable water 
contents in the specimen at the lowest temepature used. At our insti­
tution non freezable water contents have been determined for 48 differ­
ent materials and qualities of materials, The apparatus used is a "rela­
tively adiabatic" calorimeter built at the institution. The experiments 
are performed by thawing of specimens with different degrees of satu­
ration frozen to -25°C, -13°C and -8°C. 

In order to define proper values of S,it is essential to know the 
total openpore-volume as accurate as possible. This has therefore been 
determined by vacuumtreatment of dried specimens (+105°C or +50°C de­
pendent on the material). The minimum pressure is about 2 mm Hg kept 
for some hour after which water is let into the specimens, The speci­
mens are then stored for many days in the water before determinatUxs of 
pore-volume, volume and density. 

DEFINITIONS OF CRITICAL MOISTURE CONDITIONS 

The physically correct definition is: 

wf s = --Wf+l 
(2) 

Sometimes it is more convenient to use the following definition: 

s e 

w 
e =-p (3) 

Definition (2) as well as (~needs the pore volume to be known. 
For some materials like cellular concretes er m fines concretes with 
porous aggregate,the exact determination of open porosity is difficult. 
In this case the moisture ratio can be used. 

u = ~e (4) 
Qdry 

The three definitions are coupled together so that the existence 
of for instance a critical degree of saturation according to eq (2) 
is accompanied by the existence of a critical degree of saturation 
according to eq (3) and a critical moisture ratio according to eq (4). 
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The difference between definitions (2) and (3) is greater the greater 
the non freezable water contents. So for instanceS eq (2) ~ S eq (3) 
for a material like well burnt clay brick. For a material likeea dense 
cement paste the difference is considerable, 

USE OF CRITICAL DEGREES OF SATURATION AT EVALUATION OF FROST RESISTANCE 

General Discussion 

The fact that critical moisture conditions evidently exist,make 
a rational judgement on the frost resistance of different materials 
possible, 

The pre-requisite condition for thisfu howerer,that the moisture 
conditions reached in practice are known. 

Then the frost resistance is defined: 

FROST RESISTANCE = s = SCR - SACT (5) 

By using this definition all materials are treated in the same way 
despite their densities, porosities and non freezable water contents 
are quite different. 

Often the non freezable water contents expressed as fraction of 
total pore volume are about the same for many materials, In this case 
the frost resistance can be expressed: 

which equation expressed in moisture ratios is: 
uCR - UACT 

s .. s = 
u e u0 

(6) 

(7) 

A comparison between the frost resistance of two materials A and 
B can be done in the following way. 

(ScR)A - (SAcT)A 

(scR)B - (SACT)B 

When the definition of moisture condition according to 
used,the comparison of frost resistance gets the form: 

[<seeR> - <seAcT> ] (1 - ~1 
sA A A 
sB = [<8ecR) - (se ) l (1 - KAl 

B ACT B 

where K is defined: 
w 

K = ....!!f. p 

(8) 

eq ( 3) is 

(9) 

(10) 

A test method is consequently divided in two parts of quite.diffe-
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rent character. 

- ~: Determination of critical degrees of saturation according 
to the principles discussed above. The same type 
of method is used for each material. 

- part 2: Determination of actual degrees of saturation. The 
method should from a theoretical point of view be de­
signed according to the actual way of using the material. 

The problem of determination of frost resistance is now divided in 
two parts. 

- part 1 principally dependent only on materials properties. 

- part 2 for each material principally dependent only on properties 
of the environment. 

One of the main difficulties of the problem of frost resistance 
has been its utmost complexity. This in turn is above all dependent on 
the problem beeing a coalescence between the materials own properties 
and properties of the environment in which the material is used, 

In ordinary used freezing tests the same coalescence is maintained. 
So for instance consideration is taken to different ways of using a 
certain material by varying the "wetness" of the test or the number of 
cycles, 

By the new way of defining the concept frost resistance,materials 
properties and properties of the environment are separated from each 
other which leads to the following advantages: 

Theoretically,the test method takes consideration to different ways 
of using the same material. 

The determination of SCR is rapid since only a few cycles are 
needed. See above • The determination of properS C :s is more 
difficult but normally simple water uptake tests ar~ Iufficient. 

The frost resistance is quantified for which reason materials can 
be ranked according to their durability. 

The method gives great potential possibilities of making connec­
tions between materials ·Structure and frost-resistance clear. See 
below. Besides,for instance the frost resistance of materials 
combinations and composite materials could be better understood, 

A comparison by Arni & al ( 9 ) of the four methods according to 
ASTM of testing frost resistance of concrete is a good example of the 
confusions arising,when properties of materials and properties of the 
environm~ are mixed together, 

In fig 9 is shown these authors result. Each pile within one test 
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method corresponds to one type of concrete. Evidently,the judgement of 
the frost resistance is completely dependent on which method was 
choaen. 

However the result can be logically interpreted by use of the con­
cept critical degree of saturation. For each concrete type SCR is the 
same in all four methods (possibly there js some variation because of 
differences in rate of freezing, see above ),but SACT varies. Evi­
dently SACT ~ SCR in the methods "rapid air" and "siOw air" whereas 

SACT > SCR in the methods "rapid water" and "slow water". An idea of 

the values of SACT in the four methods can be obtained by analysing the 
data in the orig1nal report In Table 1 are listed approximative values 
of total time in unfrozen water, tw, and in air, ta, per cycle.Since 
the more essential drying occurs when the pore-water is unfrozen,the 
time in air at temperatures down to - 5°C is listed in the table, taw• 
- 5°C is choosen because supercooling of the pore water down to that 
temperaturenormally occurs, 

The table shows that the specimensought to have the highest degree 
of saturation at method sJ.ow water since each cycle involves 29 hours in 
water and the freezing are at maximum continued for 300 cycles, 

The specimens ought to be driest at method "slow air" since each 
cycle involves 1,5 hours drying in air just before freezing, 

A comparison between table 1 and fig 9 shows the direct correla­
tion between degree of saturation at test and damage at freezing .• The 
result is therefore an excellent confirmation of the fact that the deg-
ree. of saturation is the variable in freezing tests with dominating signi-
ficance, So for instance rate of freez1ng seems to be quite inferior, 
cf table 1, which increases the possibility of a practical use of the 
concept critical degree of saturation. 

Practical Aspects 

The definition of frost resistance according to eq (5) is of 
course only valid for materials with S R < 1,0 that is for normal 
building materials. A material with onYy a few percent pores filled 
witn freezable water has SCR = 1,0 since the expansion at ice formation 
is toosmall to give any damage, If at the same timeS T = 1,0 the 
frost resistance according to eq (5) is zero despite ~He material is 
extremely frost resistant. Another such case is a material where the 
pores are so narrow that the water cannot freeze at ordinary tempera­
tures, Even in this caseS R = 1,0. BACT= 1,0 also since the pores are 
filled already by capillar~ condensat1on. As a consequence the frost­
resistance is zero, according to eq (5), However,in those two·rare 
cases SCR can ~e rega~ded as ~reater than 1,0 despite.t?is is impossible 
from a tneoret1cal po1nt of v1ew, Hence the frost res1s1stan~e s > 0 
but its absolute value is unknown and consequently the frost resistance 
cannot be compared to that of other materials, 

The safety term, s, is used instead of an ordinary safety factor in 
order not to underestimate the frost resistance of materials with high 
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critical values, 

Any systematic smaller error at determination of the exact pore 
volume, for instance use of unsufficient vacuum before saturation, is 
almost eliminated at use of eqs (5), (6) or (7). As mentioned earlier the 
exact determinat:im Cllf actual degrees of saturation may be difficult since 
this demands an exact knowledge of all data on climatic conditions, 
After that,the actual environment can eventually be reproduced and the 
moisture condition reached eventually be measured or calculated with 
the aid of advanced moisture mechanics, 

However,the problem of determination of SACT ca~ ?e substa~t~ally 
reduced by use of simple water uptake tests. v~z.a m1n1mum cond~t1on of frost 

resistance of a material used in a normal way is,that the degree of satura-
tion reached on a dangerous depth (see . below ) at a short time suction 
from a free water surface is less than the critical. 

This short time moisture condition can easily be discerned as the 
knick-point value in a diagram degree of saturation at a water uptake 
test according to fig 10 (or moisture ratio) versusroot of time or log 
time, The knickpoint corresponds to the sudden decrease in rate of 
water uptake 1when the water front has penetrated the total top surface 
of the specimen, The knickpoint value may be somewhat dependent on the 
thickness of the specimen, The knickpoint is easier to discern the 
thinner the specimen. Examples of the determination of knick-point 
values of certain concretes is shown in fig 11. Examples of the 
effect of ·specimen thickness on the knick-point value is shown in 
fig 12. 

The specimen normally continues to absorb water after the occurence 
of the knick-point,but with a considerably reduced rate, Hence,at a 
refined judgement of frost resistance not only the knick-point absorp­
tion but the rate of this later secondary stage absorption must be con­
sidered. 

However1 simple water uptake tests can be used as a criterion on 
the value of SA T after which eqs (8) or (9) can be used for a com­
parison of fros~ resistance of different materials. The pre-requisite 
condition for this is however that the following factors are considered. 

SCR can normally be defined as the knick-point value in a diagram, 
residual Youngs modulus versus degree of saturation, 

The knick-point value of SCR must be supplemented with 
of the effect of a transgression of SCR 1that is,of the 
the curve for S > SCR ,c .f fig 1. 

information 
slope of 

(SACT)min can be defined as the knick-point value in a diagram 

degree of saturation versus time at a capillary water uptake, 

The knick-point value must be supplemented~th information of the 
"long time absorption", and of the rate of drying after a finished 
absorption. 
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Examples of a Determination of Frost Resistance 

In table 2 are shown typical results of a determination of frost resi­
stance based upon the new principles, The materials are all no fines 
concretes with porous aggregate ( l,eca ~ The frost resistance is 
defined according to eq (7). 

The degrees of saturation are calculated as if all pores were open, 
which of course gives somewhat too low values. The critical moisture 
ratio is very well defined for all 4 material8, Fig 13 shows the result 
for one of the materials. 

The mean frost resistance of the four materials related to the 
resistance of type 1 at knick-point absorption is shown graphically in 
fig 14. Evidently the durability is reduced for all materials with in­
creasing time of water storage, The materials 3 and 4 both get a nega­
tive safety term at 10 days storage while material 1 is very durable 
even after a very long time of water absorption, 

All four materials show good durability in practice which they 
ought to do according to the test result. However, on basis of the test 
a use of materials 3 and 4 is not recommended in a situation where they 
have free access to water and where freezing might occur. In such 
places material 1 is superior. 

Use of Critical Degrees of Saturation at Multi-la~er Structures and 
Multi-phase Materials - Hypothesis 

Fig 15 shows an example of multiphase materials.Material A shall 
be combined with material B. Their critical degrees of saturation are 

S~R· and S~R· At water uptake for a long time they reach different actual 

degrees of sat~ration, S~CT and s!cT' The condition SCR > SACT is v~lid 
for both mater1als for wHich reason they both have a good frost resl· 
stance when used single, Fig 15a. 

The two materials shall now be combined as in fig 15b, that is,as 
a layered structure or as in figl5c, that is,with material Bas particle 
phase in a matrix of material A. Fig 15brepresents for instance a 
rendered wall (or why not the upper part of a concrete slab with 
different properties of the surface layer and the normal concrete (10)). 
Fig 15c represents for instance a concrete with porous aggregate. 

In fig 15b SACT will now get exactly the same value as when the 
two materials were single. Hence,there will be a jump in SACT at the 
interphase. In fig 15c S~CT can be at maximum just as high as in the 
case single material. Normally material B is surrounded by a more dense 
material, for instance cement paste. Then according to eq (59) the 
particles could not be filled as when they are single since water in 
the paste pores seal the particles. 

Probably SCR will vary at the interphase. Water from the more dense 
material wlll be forced into the more porous and with greater ease 
than within the dense material itself. Hence S~R will be raised 

Full document details: ACI SP-47

http://www.avadocuments.com/doc/aci-sp-47
http://www.avadocuments.com/doc/aci-sp-47


26 durability of concrete 

locally. In material B the degree of saturation is therefore raised at 
the interphase. Besides water can only be forced into the interior of 
material B at freezing. As a consequence S~Rought to decrease at the 
interphase. If this happens the dangerous condition ScR < SACT might 
occur at the interphase despite the two materials are frost resistant 
at the same moisture condition when they are isolated from each other, 

The important case with a transitional zone between the two 
materials is discussed in (14). 

Use of Critical Degrees of Saturation at Freezing in Presence of 
Deicing Agents - Hypothesis 

It is a well-known fact that frost damage wmcreased in presence 
of deicing agents such as Ca Cl2, Na Cl. 

This is possibly an effect of a decrease in SCR and/o:t> an increase 
in SACT' 

The decrease in SCR should be an effect of additional forces 
because of osmotic pressure (12 ). However, at high salt concentrations 
the effective degree of saturation according to eq (2) at a constant 
water content is decreased since the freezable water content is de­
creased, Therefore,a pessimum salt concentration can be expected.This is 
also confirmed by experiments in which a concentration of 3 a 5 % is 
normally found to be most dangerous. 

\~alts can. be expected~}n.c_~ a__l!!l.:_i._~<,l/ 
An eventual increase in S CT because ·or thawingvBUrface gets wet 

for very long periods, The proionged drying depends on the lowering of 
the vapor pressure of the water and is confirmed by experiments, (13). 
Another eventual "SACT-raising effect" is redistribution of water 
within the material. Regard a concrete slab with the same moisture 
content across its thickness, A salt solution is poured on the top 
surface of the slab, Then,because of concentration gradients a redistri­
bution of water might occur and the surface layer gets wetter than in 
the original state. 

Thus the hypothesis is,that in presence of deicing salts the gap 
between ScR and SACT gets smaller than at "ordinary" freezing. Con­
seq~ently · the frost resistance is diminished. 

USE OF CRITICAL DEGREES OF SATURATION AT EVALUATION OF REMTIONS 
BETWEEN MATERIALS STRUCTURE AND FROST RESISTANCE 

In General 

Informations on relat:Lons between materials structure and frost 
resistance can be gained by analysing the effect of materials proper­
ties on the values of ScR and SACT• Such an analysis has been carried 
through more comprehensively in (15 ), 

Influence of Materials Properties on the critical j)egree of ;;aturation 

At first,there is a need of a model for frost damage. 
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A successful model used in our work is provided by Powers' hydrau­
lic pressure theory (16 ). 

This theory predicts the existence of critical distances at 
freezing. Such a critical distance is the critical thickness which is 
the thickest completely water saturated slice of a material that is not 
damaged by freezing. 

The critical thickness can be expressed (15):; 

( 11) 

If the water saturated material is situated within a specimen 
that is not saturated eq ( 11) can be expressed ( 15): 

( 12) 

At the derivation, it is assumed that the permeability, B, is 
constant. This is however a wrong assumption.For materials with a minor 
part of non freezable water the permeability at lower temperatures is 
extremely reduced because of ice filling up and blocking the pores. 
cf eq ( 42), 

Another critical distance is the critical wall thickness of a 
spherical saturated material surrounding an air filled pore. This thick-
ness is normally the same as Powers' spacing factor, L, (16), The 
connection between the two critical distances is (17)c 

-3 _2 
2 8 LCR•a 3•LCR 

DCR = 3 (-3- + -2- ) ( 13) 

The critical radius of a spherical freezing material, RCR is 
related to DCR through eq (14)l 

( 14) 

Thia later model can be used for the critical size of a saturated 
piece of aggregate, 

Warris ( 17) treats the important case where an ice front is pro­
pagating into the interiorof a material. The excess water created at 
ice formation is supposed to be forced only into the interior of the 
specimen. As a consequence a hydraulic pressure is created. 
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The maximum depth of water transport (X -X), can be ob-
tained from a heat balance equationin which~~ neglected the heat loss 
at lowering the temperature (damage is supposed to occur at the major 
ice formation in the neighbourhood of 0°C), Then according to (15) the 
connection between DgR and the critical "depth of unsaturation" is: 

DCR 1 wf 
(Xus - X)CR = -8- ' dx ( 1 - P( 1 - S ) )(wf + P( (s ) - S ) 

e e x e 

( 15) 

dx is the thickness within which ice is forming simultanously. The 
value of dx is dependent on the degree of supercooling and on the rate 
of temperature lowering, However,since the derivation av DcR assumed 
simu 1 t anous freezing in the whole slice ,dx ought to be greater than 
~· ~fuen there is no moisture gradient eq (15) is changed to eq (16), 

2. 
2 DCR 

( Xus - X) CR 01 B • 
_L DCR 
dx " 4 when dx = Dc/2, ( 16) 

1 Warris (17) gives eq (16) in somewhat different form, ax is re-
placed by the surface-volume ratio of the specimen. 

Eqs (15) and (16) are oversimplified, especially since they 
assume that all excess water is forced only into the specimen and above 
all since DCR in reality is determined by a permeability reduced by ice 
formation,wh~le in eqs ( 15) and (16) the permeability is constant and 
equal to the permeability of the unfrozen material. Both those factors 
make (Xus- X)CR calculated from eq ( 16) too small. 

The occurence of critical distances is not only predicted by the 
hydraulic pressure theory but also by Powers; theory of microscopic ice 
lense segregation, ( 1 , 1.2), 

The existence of critical thicknesses has been confirmed by ex­
periments at our institution, Specimen were cut with area 30 x 30 mm2 
and variable thicknesses, They were vacuumsaturated, weighed, wrapped 
in plastic foil or put in small beakers with water and then frozen a 
couple of times to about -18°C. After the final thawing they were 
vacuumsaturated again and weighed, The eventual increase in weight is 
a measure of volume change caused by freezing, Normally visual in­
spention was satisfactory. 4 types of cellular concrete, 1 type of sand­
~ime brick and two types of clay bricks were tested, 

All specimensof sand~lime brick and cellular concretes were com­
pletely destructed, which means that the critical thickness is less 
than 1, 7 rom •. This is confirmed 1:y freezing experiments on bigger speci­
mens,where the surface damage at S > ScR is a scaling of very thin 
flakes or even crumbling, The crack system of the cellular concrete was 
mainly parallel! to the surface. The distance between the cracks was 
about 0,5 rom, 

The clay bricks had very evident critical thicknesses of about 
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ScR can however not be calculated from eq (20) as far as the speci­
fic surface, a, of the air filled pores is not known. 

\pore size distribution of sue~ 
By knowledge of thevpores ~ch can be a~r f~ed,it is possible to 

calculate the variation of a with varying SACT• 

, 1ACT 
SACT = 1 - P(1- K) 

(22) 

Where lACT is a certain function of aACT at.a certain pore size 
distribution and under the assumption of a certa~n distribution of 
water between the pores. 

Warris Q7 ) has shown a theoretical method of calculation. Eq (20) 

can be drawn with a • D;R or a • LCR as independent variable and with 

P( 1 - K) as parameter, These functions are independent on the materials 
properties, 

DCR 
Eq (22) can also be drawn with a·~ or a•LCR as independent 

variable, which means a division of the equation with the critical 
distance, However this curve is quite dependent on the materials pro­
perties via the function (23) and on the properties determining the 
value of the critical distance, LCR or DcR• 

The intersection of the two curves giveSthe value of ScR· An ex­
example is shown in fig 17. (ScR>min is obtained when the pore water is 
located in the smallest pores since a is minimum in this case, 

If the aim is to study the influence of one single structural 
parameter on ScR•it must be observed,that each change,that according 
to eq (21) increasesthe value of ScR 1as a consequence of this,contri­
butes to a decrease of a ,that is,to a decrease of ScR· So for instance 
a doubling of tensile strength can never correspond to an increase of 
ScR according to eq (21) with all parameters except crBconstant, 

An example is shown in fig 17. The doubling of crB gives an increase 
of DCR by a factor 1,41 according to eq (11), Then according to eq (21) 
ScR ~s increased from 0,34 to 0,50. However because of the increase in 
DcR the curve SACT = f(a) is displaced towards the right with a factor 
1,41. The new intersection between the curves of ScR and SACT give the 
new value of ScR " 0,39 

In the same manner an already explpited part of the strength does 
not influence the value of SCR in the same proportion that the residual 
strength is influenced. (However it might influence SACT), 

A proof of the correctness of eqs ( 17) , ( 18) and ( 19) can be obtained 
by knowledge of the critical degree of saturation, and the specific 
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surface of the air filled pores, Approxima~ specific surfaces of the 
coarse pores have been measured for two of the cellular concretes and the 
two clay bricks for which DCR and ScR were experimentally determined. 
The water was assumed to be present :in the smallest pores at all degrees 
of saturation. The measurements were made with linear traverse technique 
on magnified photographs of ground surfaces. Then equations from (16) 
were applied in order to determine the connection between air content, 
lACT' and specific surface, aACT' (eq (23) ), Those equations are based 
on spherical po~es whereas the pores in the cl~ bricks were more el­
liptical. Eq (19) was used for calculation of LCR ~fter which DCR was 
~alculated from eq (1~), The c~lculated values or LCR and DCR are given 
1n table 3 together w1th exper1mental values of DCR' 

The theoretical critical thickneses are about the same for both 
types of cellular concretes which is expected because of the same 
structure of the materials. Besides the values are reasonable since thin 
slices, 10 7 mm,have been delaminated at freezing. 

The calculated DcR-values of the two bricks are of the same order 
of size as the measured values,For the underburnt brick the agreement 
is perfect. The slight deviation may for instance be dependent on the 
assumption of spherical pores, Use of eq (18) instead of eq (19) give 
about the same DcR values for the cellular concretes but smaller values 
for the bricks, 

The validity of eq (21) is limited by the following condition 
based on the ductility of the material (15), 

\•3(1-2v) 
8cR ~ 0•9 17 + 10 09 • P(1- K) (24) 

For a completely brittle material, ScR ~ 0,917, For the surface 
layer with thickness DcR/2 of a materials unit or for a materials unit 
smaller than the critical size, ScR = 1,0. 

In the following the connections between materials structure and 
the parameters determininP,thevalues of ScR and SACT are discussed very 
briefly. 

Specific Surface--The specific surface, a, of the air filled pores 
is one of the most important properties determining ScR which is clear 
from eq (21), The smaller the air filled pores the higher the value 
of ScR at constant materials properties. This has also been confirmed 
by experiments, See for instance table 3 where the two cellular con­
cretes have about the same materials properties except the size distri­
bution of coarse pores expressed by aCR' 

Thus,the often noticed positive effect as regards frost resistance 
of diminishing the size of air bubbles in concrete is probably a result 
of the rise of the value of ScR at the same time as SACT is constant if 
the air content is constant, 

For a concrete with no air entrainment the coarse compaction pores 

Full document details: ACI SP-47

http://www.avadocuments.com/doc/aci-sp-47
http://www.avadocuments.com/doc/aci-sp-47


32 durability of concrete 

are distributed so far from each other that they could not serve as 
recipients, L > LcR· On the other hand the capillary pores are very 
small(< 0,1~). Hence their specific surface is very high(a>60000 mm- 1), 
As a consequence,ScR of the material is determined by the condition 
ScR = 0,917 for the material that is left when the compaction pores 
are omitted, 

The following equation can be derived for ScR of a non air en­
trained concrete (15), The basis is wellknown data on the physical 
properties of cement paste (2o). 

8cR"' 1,09(w /c- 13(0,19 + 0,25 • k) +1000•1 /c) 
0 0 

w /c- B(0,19 + 0,25 • k) 
0 (25) 

Where k expresses the amount of non freezable water content as 
multiple of the amount of non evaporable water (15). 

K = k , 0,25 • 13 
w0 /c- 0,19 • 13 + 1000 • 10 /c (26) 

ScR calculated from this equation adjusted to (SelcR is marked 
out in fig 1, The agreement with measured values is excellent. The 
same good agreement have been measured for cement mortars (7 ), 

Strength--The strength of a porous material is intimately coupled 
to its porosity, its pore size distribution, its grain size distribu­
tion and also to its age at constant porosity (for instance different 
strength-porosity connections must be valid for concretes at different 
degrees of hydration). For a heterogenous material like concrete it can 
easily be proved that the amount of dispersed particles (aggregates), 
size of the particles,affinity between the particles and the matrix and 
the elastic properties of the matrix and particles highly influence 
the strength-porosity relationship. All those parameters have been 
extensively discussed in (14), 

( 14 ) • 
Equations which express the strength-porosity relatively good are 

In the neighbourhood of the critical porosity,( for instance as a 
measure of effect of hydration on strength)it is valid. 

- (L) 
n 

0 = 0 ( 1 where n 1 ,o ( 27) 
0 PCR 

PCR 
(28) or 0 = q • lnp 

Where P CR for a concrete is a function of the mix proportions 
(14 ): For an ordinary concrete or cement paste PeR is: 

( 29) 
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o or q is a fictive value. It is determined by the amount of 
aggreg~te, size of aggregate etc. Normally o0 is reduced with in­
creasing amount of aggregate. 

For concretes with the same deRree of hydration, the same 
type and amount of aggregate the following equation can be used 
over a greater porosity range: 

k 
o = o0 (1- P) 

More nyanced expressions are given in ( 14). 

( 30) 

Theoretically it is the strength of the water saturated material 
that should be inserted in eq (21). Besides it-I;-th~-r~;id;al strength 
after reduction because of an eventual exploited pa~that should be used, 

Ductility--The ductility of a material can be expressed: 
oB 

E: =-
B EB 

( 31) 

oB as well as EB are functions of the porosity and pore structure,crB 
is even a function of pore size and general structure of the material. 

A simple connection between porosity and ductility is: 

EB = E (1- P)k2 = 
0 

Where k 2 ~ 4 for a well cure1 concrete (14) and k 2 
cement paste (14). 

( 32) 

3 for a 

k 1 is quite dependent on the pore structure etc. However normally 
k1 > k 2 • k1 "6 is not impossible for a concrete (14). Hence the ducti­
lity is increased with decreasing porosity. Increasing degree of hydra­
tion and decreasing water cement ratio are therefore favourable as 
regards ductility and ScR• This is also confirmed by experiments (14). 

Poissons ratio--Poissons ratio is almost independent on porosity 
as far as this adopts normal values. 

Non freezable water content--The freezing point of water in a 
pore is a function of the pore radius. On basis of the theory of 
capillary condensation the following simplified equation can be derived 
(19). It is valid for a material in equilibrium with a high relative 
humidi1:3 

r = - w • 1 + 19 6 • 10- 1 0 
T -AT I 

ln(-{;- ) 

.fi: 
llT 

(33) 

0 
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Where the second term is the thickness of the adsorbed layer and 
the first term is the "Kelvin radius". liH is a function of temperature 
( 19), Thus the smaller the pore, the lower the freezing point. In fig 
18 is shown the pore size distribution calculated from freezing point 
depressions determined by adiabatic calorimeter thawing experiments and 
two determinations by mercury porosimeter, The material is sand lime 
brick. The disagreement could be an effect of hysteresis absorption­
desorption since mercury porosimeter is an absorption process, 

Since the adsorption isotherm is a function os the pore size 
distribution there must besome connection between the isotherm and the 
non-freezable watercontent, Such an approximate expression is: 

R•'r (T -AT) 
6T = - _ _;::;O_.;:;.o __ _ 

llH 
• ln p/ps ( 34) 

Thus by knowledge of the amount of water absorbed at different 
relative humidities, the non freezable water content at different 
temperatures can be determined (19), (20), 

In fig 19 is shown the upper part of the absorption and desorption 
isotherm determined by experiments (21) and calculated by use of eq 
(33). The material is the same sand lime brick as in fig 18, The agree­
ment with the adsorption isotherm is satisfactory. However, since it 
is very difficult to experimentally obtain the isotherm in the high 
)1!'"fH1ure range in question it is easier to make the determinations of 
non freezable water content via special experiments, (Perhaps the 
knowledge of non freezable water contents could even be used as a 
very easy means of calculating the isotherm in the high pressure range~. 

Owing to pore size restrictions on ice formation, pore water in 
isolated capillaries could be unfrozen at low temperatures because of 
supercooling (22), This is confirmed by thawing experiments on speci­
mens frozen to -25°C and -6°C, Fig 20 shows an example of this. Eq 
( 33) is therefore somewhat limited especially for dense concretes 
where the waterfilled cement gel could not freeze until ice formation 
is nucleated in the pore at temperatures lower than the normal freez­
ing temperature. If the surrounding pores are very narrow the ice in 
these isolated pores could be formed by homogeneous nucleation at 
~ - 40°C (23). Then at this temperature a large amount of ice would be 
fdnred almost simultanously and the specimen destructed since its 
permeability is low at this stage, 

Rate of ice formation--The ice formation can be divided in two 
or three stages: 

Stage 1--Rapid ice formation when supercooled water is nucleated. 
The temperature of the specimen is then normally raised if the amount 
of large pores is great, If the process is adiabatic the following 
mean rate of ice formation is obtained: 
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( 35) 

Where 6t js the time needed in order to raise the temperature of 
the specimen. Hate' of ice formation is however greatest close to the 
spot of nucleation. The mean rate of ice formation is thereforedepen­
dent on the size of specimen, According to \22) the rate of ice front 
propagation at nucleation is about 10 mm•s- , The interval 6t can 
therefore be expressed as a function of size of specimen ( 15), 

6t = _R_ =<lOO•Ro.3oO• y_ ( 36) 
vice A 

It seems logical not to take the whole specimen in consideration 
when At is calculated but only the critical sphere of the material 
eq (14). By use of eqs (14) and (36) eq (35) is changed to; 

dB 6T •2 
0. 0 

( y •c + S •P•p •c ) 
p p e w w ( 37) 

dt'" • wf .. P •6h•1oo/3•D 
w CR 

Note: the permeability at this early freezing is considerably greater 
~ at the subsequent freezing, This influences the value of DCR' 

Stage 2--Normal ice formation, The rate of ice formation in this 
stage is proportional to the temperature difference between ambient 
air and specimen surface,(B). 

( 38) 

Where the konstant k is dependent on convection of the air and 
of the surface-volume ratio of the specimen. 

A heat balance equation 
leading to eq ( 15) leads to: 

dB 1 { 
w f • dt = 6h. p y p. c p 

w 
In this expression yp 

porosity, 

for the already frozen zone like the one 

+ p •K•P•c + p •P(S - K) c. ' d0 ( 39 ) w w w e ~ 1 dt 
and c both decrease proportional to 

p 

Calculations show that ice formation in stage 1 is 4000 a 6000 
times greater than in stage 2 if d0/dt " 6°C/h. However in this latter 
stage permeability is gradually decreased, 

Stage 3--This stage is the eventual homogeneogs nucleation of 
supercooled water in isolated capillaries at " -40 c. 

Eq (35) can be used if consideration is taken to earlier transformation 
of some water into ice. In this stage permeability can be almost zero. 
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Permeability--The following simplified expression for coefficient 
of permeability can be derived: (15). 

p3 
B = -"----

T2 ,y2 , 11 
(40) 

Where P is the "waterfilled" porosity, 

According to eq (33) and fig 18 the amount of ice at each tem­
perature is dependent on the pore size distribution. Hence it is 
suitable to modify eq (40) by dividing the porosity in different pore 
size classes: 

p 3 
B .. l: __ ....,::n __ 

n T 2 •Y 2 • 11 n n n 

(41) 

Where P1 for instance corresponds to pores with freezing points 
between 0°C and -1°C, The viscosity of ice is neglible to that of 
water which means that an ice filled pore does not contribute to the 
permeability, Hence the following simplified expression for the varia­
tion of coefficient of absorption with temperature can be derived. 

B = ( w . ) 3 • • const 
() 11f0 2 2 

T0 •Y 0 'IJ() 

Where also T and Y are functions of temperature since they are 
dependent on wnf' Y is increasing substantially with decreasing 
temperature. 

Eq (42) is only valid for a material where all the water-filled 
pores are "permeable",In reality it is however possible that the 
frozen water blocks the pores so that water at low temperatures is 
frozen as in a ciosed container. 'rhe blocking may eventually be 
caused by the first small amount of ice formed. In such a case the 
variation of permeability with temperature is dependent on the 
amount of ice formed but also on the degree of saturation in the 
specimen, A possible equation is: 

B 
0 

B -f3•w•f(S) 
0 f 

(43) 

The function f(S ) is determined by the shape of the pore 
system, In special cases B0 ~o when a certain amount of ice is formed, 
Then the continued freezing occurs in an almost sealed container, 

Test of the hydraulic pressure theory 

Eq(21) assumes that the mechanism of frost deterioration is 
mainly hydraulic pressure for all materials. This has been cri tid zed, 
since in this case a highly permeable material like clay brick could 
not be destructed by frost (24). The fact is however,that critical 
thicknesses as those predicted by eq (11) have been found even for 
clay bricks. Eq (42) brings an explanation for this. Even if T and Y 
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are considered constant,the amount of non freezable water is so low 
in clay brick that the permeability is enormously reduced, 

Wnf 
For the well burnt clay brick mentioned earlier ;-- ~ 0,062 at 

the final freezing, Then B is reduced to at least· 0,06~53 = 2,4 10-4 

of its original value, This in turn is not the permeability of the 
material but the permeability of the waterfilled part of the material 
which can be considerably lower, 

If the hydra~lic pressure theory is valid the expansion of a 
specimen ought to follow an expression of type 

wf•dll/dt 
£ "' const • · B (44) 

£ is however limited to a value correspondant to the water ex­
pansion at ice formation, This limitation is essential at low permea­
bilities, "closed container": 

(45) 

Hence,by experiments where the expansion, the rate of ice 
formation and the permeability are measured,the validity of the 
hydraulic pressure theory might be confirmed through eq (44), 

Such experiments are done at our institution, The apparatus is 
a calorimeter-extensometer the principle of which is shown in fig 21, 
A similar apparatus have been described in (25). The specimen,size 
30 x 30 x 120 mm~is adapted to a certain degree of saturation, and 
mounted in the specimen chamber. The total assembly is immersed in a 
kerosene bath with constant low temperature, The length changes, 
heat flow and specimen temperature are measured automatically, By 
knowledge of the calorimeter constant and the heat capacity of the 
assembly,the amount of ice formed can be measured, 

An apparatus for permeability measurements at low temperatures 
has been built. Reliable experiments have however not been performed 
so far, 

cement Fig 22 shows such a freezing experiment for a non air entrained 
very· porous paste. The degree of saturation in the specimen, is less 
than the critical value calculated from an equation or type (25), 

Fig 23 shows the same specimen after 2 months prolonged curing 
in lime water which makes the degree of hydration somewhat higher. 
Besides in this experiment S > calculated SCR' 

Fig 24 shows the result of freezing of a clay brick with a degree 
of saturation exceeding the critical,which has been determined in the 
normal way mentioned earlier, 

In all three experiments the pore-water is supercooled to -4 a 
-5°C. Then,freezing is initiated and the specimen temperature rises, 
The specimens expand because of hydraulic pressure arising when the 
first ice is formed. 
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Then,for both the specimens where S > SCR the expansion continues 
as long as ice is formed, Hence,the cement paste expands all the time 
while the clay brick beginsto contract when almost all ice is formed 
at -5°C, 

The dryer cement paste contracts all the time despite the amount 
of ice formed is as high as in the case where S > SCB' The contrac­
tion for the cement paste as well as for the cla br1ck exceeds the 
normal thermal contraction broken l1ne • At melt1ng the slope of 
the line length-change-temperature is about the same as for freezing. 
Since the melting is not accompanied by any hydraulic pressure 
expansion,it seems reasonable to assume that the measured slope at 
melting is the real thermal expansion for the mixture porous material­
ice. The coefficient of thermal expansion for a two phase material 
can be expressed. 

a • 
al'VJ•Kl + a2•V2•K2 

V1•K1 + V2•K2 

Where K is bulk modulus and the indici 1 and 2 represents ice 
and solid material. 

a. is about 52'10-6 at 0°C but decreases with decreasing 
temperitUre, a~olid phase)is about 5•10- 6for a ceramic material. 
K1 ~ 10 5 kp/cm2 for poly-crystalline icc at -5°C (22). K2 ~ K (1-P) 3 

for a porous material (14) where K ~ 600 000 kp/cm 2• 0 
0 

P is the total porosity since there is no adherence between the 
ice body and the pore wall. 

v1 is the volume of ice after freezing. Then according to eq 
(46) the following ratios of coefficients of thermal expansions at 
freezing temperatures and at orginary temperatures are valid. 

a < -5 C 
For clay brick: 

For cement paste: 

--------a 3,3 (measured value~ 3.1) 
a > 0°C 

a - 5°C a-10°C 
a > 0°C 

"' 2,4 

(measured values ~ 3.0), 

Hence,the often noticed increased thermal contraction at a 
freezing can also be explained theoretically as a purely mechanical 
effect, The usual explanation is shrinkage caused by migration of un­
frozen water to ice bodies in the pores (12), The experiment with the 
clay brick shows however the same characteristics as the paste ex­
periment despite the brick has almost no unfrozen water (K_Jo ~ 0,05) 
while the paste has considerable amount~ (K-Jo ~ 0,51), Besides,a clay 
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brick shO'IB almost no shrinkage at water loss, 

The thermal contraction at freezing is however somewhat smaller 
than the expansion at thawing. This can eventually be explained by 
hydraulic pressure acting during freezing. 

The clay brick and the paste at high degree of saturation show 
great expansions as long as ice is formed. Those expansions can not be 
explained as in situ freezing in ~ closed container. viz expansions 
calculated from eq ( 45) are up to· 15 times greater than the measured. 
Hence,water must be forced through the specimen from the freezing site. 
A hydraulic pressure must occur. The question is whether this pressure 
is big enough to expand the specimen in the observed way, If not,the 
expansion must be a consequence of some other phenomenon, ice lens 
segregation (1,12) or some other mechanism (24,26). 

Since the very rapid freezing caused by superc-ooling expands the 
specimen less than the continued freezing which occurs with consider­
ably lower rate,the permeability must be enormously reduced if the 
mechanism should be hydraulic pressure. 

In the following an attempt is made to in a very simplified ~ay cal­
culate in which way the permeability is changed when the temperature 
is lowered. 

If the tortuosity is constant the permeability at 0°C compared 
to that at 0°C is: 

(47) 

But for spherical pores the specific surface can be expressed. 

wnf 
y0 .. 3 • 7 

Where r is the radius of permeable pores, 

(48) 

r is coupled to the freezing point depression according to eq (33) 
which can be simplified to (19). 

r e ------------------~-----------------

But wnf is a function of liT. 

wnf = f(liT) 

(49) 

(50) 

Thenby use of eqs (47)- (50) the change of permeability with 
temperature can be calculated. 
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For the cement paste eq (50) 1s: (see fig 23) 

wnf ~ ) • 6T-1/2 

Hence eq (h9) gets approximately: 

r " k • w 2 
nf 

By use of eq (52) and eq (48) eq (47) is changed to: 

B0 " 
B 

0 

(51) 

(52) 

(53) 

The measured rate of ice formation can be divided by the calcu­
lated permeability which according to eq (44) gives the expansion. 
This theovetical expansion have been calculated and is indicated in 
fig 25 where the experiment in fig 23 is rewrited with time as inde­
pendent variable. '!'he constant in eq ( 44) is chosen. so that calculated 
and measured expansion coincide at -19°C, The agreement between the 
two expansions is fair bearing in mind the approximate calculation of 
permeability, The expansion around 0°C is very difficult to calculate 
since the rate of ice formation is uncertain. It must be observed that 
no consideration is taken to thermal contraction in the calculated 
curve. 

In the brick almost all ice is formed around 0°C, Hence,the spe­
cific surface is considered constant and the relative permeability 
gets the form, 

(54) 

Where k = 2,0 

This equation have been used for calculation of expansion in the 
same way as above, The result together with experimental curves is 
shown in fig 26, The agreement down to -5°C is excellent, The same 
ood a reement is obtained even when the ex onent kine ( l1) is 3 

2!__· At temperatures lower than -5 C the specimen contracts thermally 
from the expanded state. The hydraulic pressure theory at use of eq(54) 
indicates however that the specimen ought to contract drastically 
because ice formation is almost finished. See E ALC eq (hh) in fig 26. 
However the permeability gets very low for whic~ reason it is possible 
that the late freezing is a freezing in a closed container, Eq (45) 
shows however that this would mean a substantial expansion, See ECALC 
eq (45) in fig 26. lienee it seems as if the expansion caused by hyarau­
lic pressure in the range 0 ~ -5°C is locked by ice formed in the ex­
panded specimen, Then,at the continued freezing the expanded specimen 
contracts thermally according to eq ( 46) from its expanded state, The 
thermal contraction is however reduced by the continued hydraulic 
pressure according to eqs ( 44) and (54), '!'his can be the explanation 
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of the discrepance between thermal contraction and expansion in fig 24, 

The maximum reduction in permeability for the cement paste is 
1,3•10- 3 according to eq (53), For the clay brick it is 4,8•10- 3 

according to eq (54) at maximum expansion. With the perhaps more 
reasonable exponents 3 or 4 in eq (54) it is however 3,4•10-~ or 
2,3•10- 5 , In this case the effect on permeability of blocking the 
pores with ice is 25 a 175 times greater for clay brick than for 
cementpaste • 

Thus,it seems as if the hydraulic pressure theory can explain al] 
the phenomenons seen at a freezing even for two so different materials 
as cement paste and clay brick, This is very essential since in this 
case connections between materials properties and critical degrees of 
saturation can be derived in the way indicated above, 

Influence of M.aterials :Properties on the J,.ctual Dn·gree or S -::.ttiration 

This subject will be treated very briefly, 

Rate of water uptake and drying--The rate of water uptake as well 
as the rate of drying increases with increasing pore radius. 

For a material with tubular pores of different size the degree 
of saturation on a critical depth, DeR/2 from the surface at a water 
uptake is (15). 

i /t•r •o •cos0~ 
(S) 2 l: p t'· n LG .!.hQ V'tor 

e X=DeR/2 = P•Den ' n n 2·~ Den (55) 

Where P is the amount of pores of a certain size. r is a mean 
pore radius.n 

llence,at a certain Den and a certain time, t,Sen on the critical 
depth increases with increasing pore size, The equation is however 
very simplified since it takes no consideration to bifurcatkns between 
different pores which means that Se = 1,0 at long enough time, 

The drying can be divided in two parts. The first part corresponds 
to a saturated water flow from the interior of the material to the sur­
face, The second part is a combination of liquid water and diffusion 
process when there is no longer a continous water phase in the material. 
The second part is a considerably slower process than the first. 

The first transport has a penneability of type ( 40). However, the 
pore properties are of no importance in this stage as long as rate of 
transport is great enough to keep a free water surface on the materials 
surface, Then the rate of drying is constant. Of course there is a 
need of faster water transport within the specimen when the ambient 
air gets drier or is forced to move along the materials surface. 

The diffusion process increases its rate with increasing porosity 
and pore size. Dependent on the pore size llagen-Poiseulles law or 
Knudsen's law is predomimt.nt, 
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Total water uptake 

The total water uptake in the wet part of a specimen when the 
waterfront has reached a distance, x, from a free water surface,can be 
calculated from a combination of the "coefficient of water uptake" k 
and the ~oefficient of capillarity" kc• which in turn can be determ~ned 
experimentally. 

k .. ~ 
w ~ 

(56) 

k 
t 

c """it; 
X 

(57) 

Where k 1 and k2 are constants, Then it is valid. 

(S ) = k • k kJ, 
e MAX w c (58) 

For a single capillary k1•k 2 = 1/2 • 2 .. 1. In this special case 
(Se)MAX = kw ' ~· 

For a porous material k1 • k2 ~ 1 which means that (Se)MAX as a 
mean value of the whole wet part of the specimen will decrease with the 
capillary rise, x. This is an essential result since it means that the 
surface part of a specimen has a higher (SAcT)MAX than the inner parts. 
cf fig 12, 

The constants k 1 and k2 must be dependent on the pore structure. 
Perhaps experiments can be designed in order to find out correlations 
between those constants and the pore properties, Such experiments must 
·oe fundamental for the understanding of the second part of the frost 
resistance pro?lem,viz.the value ?f sA9T. ~any. investigators ha~e 
found correlat1ons between pore s1ze d1str1but1on and frost res1stance 
(27, 28). Perhaps this correlation is an effect of the pore size 
distribution on the constants k1 and k2. viz it seems reasonable to 
assume that more air is entrapped in a specimen when the pore size 
distribution is wide than when all pores are of the same size. 

In (29) the capillary water uptake of a random pore system with 
bifurcations is treated. It is shown theoretically,that the coarsest 
pores are filled at first 1but they very soon deliver their water to 
the smaller pores. Then,they can not be filled again until all the 
surrounding smaller pores are filled, If the coarse pore has such a 
shape that it is surrounded only by smaller pores (air pore in cement 
paste) it cannot be filled again until the air in the pore can penetrate 
the waterfilled surrounding pores. It is in reality sealed. The air 
pressure needed is inversly proportional to the surrounding pore 
radius, 

2•oLG 
p = ----- • cos 0 r (59) 

At a pore radius of 10~ the pressure needed is ~ 0,15 kp/cm 2• 
Such a pressure can normally only be obtained by artifi~ial means 
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Experiments have however shown that even air bubbles in a cement 
paste may be filled with water if the specimen is stored for .a very 
long time in water. This is possibly an effect of condensation in the 
porea,.. 

The locking of pores with water according to eq (59) has very im­
portant practical significance for light weight aggregate concretes, 
cf fig 15. Even if the aggregate particles have a bad durability 
(their ScR < SAcT) when they are single they can be used as aggregate 
in a durable concrete since their pores are blocked by the dense 
cement paste. Hence they can not be filled again, once they have dried 
out. 
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A 

B 

c 

K 

K 

M 

SYMBOLS 

specimen surface (m2) 

coefficient of permeability (including viscosity of fluid) 
( m3• s/kg) 

~ cement content (kg/m3) 

critical thickness of saturated slice (m) 

=Young's secant modulus at fracture (N/m2) 

Young's modulus after n cycles freezing (N/m2) 

non freezable water content at lowest temp as fraction of 
pore-volume, cf eq (10) 

bulk modulus (N/m2) 

critical wall thickness of saturated hole-sphere 
(Powers' spacing factor) (m) 

=molecular weight of water (kg/k mole) 

P • porosity (m3/m3 material) 

PCR = critical porosity where oB=O 

Qdry ~weight of dried specimen (kg/m 3 material) 

~e weight of evaporable water (kg/m3 material) 

R = gas constant (Nm/°K•k mole) 
R radius of materials sphere (m) 
RCR critical radius of saturated sphere (m) 

s 

s 
a 

T 
0 

v 

degree of saturation, eq (2) 

coefficient of absorption, eq (1) 

=degree of saturation, eq (3), Note: Se ~Sa 

degree of saturation on depth x 

actual degree of saturation (cf (Se)ACT; uACT) 

= critica~ degree of saturation (cf (Se)CR; uCR) 

"Tortuosity factor" (m/m) 

ordinary freezing temp (°K) 

= volume in general 
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v 

y 

c 

k 

k 
c 

k w 

1 

n 

p 

p/ps 

q 

r 

s 

t 

u 

v. l.ce 

w 
a 

w 
e 

W I 
f 

saturation at freezing 47 

specimen volume, eq (36) (m3) 

= specific surface of the waterfilled part of the pore 
system (m2/m3 material). Note: Y ~ a 

specific heat (Nm/kg•°C) 

=rate of ice formation (m 3/m 3 material•s) 

= constant in general 

= non freezable water as multiples of non evaporable water 
content, eqs (25), (26) 

= "coefficient of capillarity" 

= "coefficient of water uptake" 

= air content before freezing (m 3/m 3 material) 

actual air content correspondant to SACT (m 3/m 3 material) 

air content at mixing (m 3/m3 concrete) 

= exponent eq (27) 

=pressure (N/m2 ) 

= relative vapour pressure 

= constant eq (28) 

(~elvin) radius of capillary (m) 

= Frost resistance, eq (5) (cf su; se) 

time ( s) 

= moisture ratio (kg/kg) 

= moisture ratio at complete saturation (kg/kg) 

rate of propagation of ice front (m/s) 

max water uptake at capillary water uptake at ordinary 
pressure and constant temp (m 3/m3 material) 

evaporable water content at lowest temp (m3/m3 material) 

= freezable water content at lowest temp (m 3/m3 material) 

freezable water content in a completely saturated slice 
within a materials volume (m 3/m3 watersaturated material). 
Note wf' 'f wf. 
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48 

X 

X us 

durability of concrete 

= non freezable water content at lowest temp (m 3/m3 material) 

= water cement ratio (kg/kg) 

= distance from materials surface to ice front or water 
front (m) 

= unsaturated depth; depth from surface to a place where 
expelled water cari be taken care of (m) 

(xus-x)CR ="critical depth of unsaturation", eq (15) (m) 

a =specific surface of air filled pores, eq (13) (m2/m3 pore-
volume) 

a =thermal expansion coefficient (m/m•°C) 

~ = fraction of wf actually frozen 

~ =degree of hydration= fraction hydrated cement. eqs (25), 
(26) (kg/kg) 

B0 fraction of wf freezing at ceasing of supercooling 

yp =density of dried specimen (kg/m3) 

6h = heat of fusion (Nm/kg) 

=molar heat of fusion (Nm/k mole) 

6t time needed in order to raise temperature 6T at ceasing of 
supercooling (s) 

6T = fr~ezing point depression (°C) 

6T =temperature rise at ceasing of supercooling (°C) 
0 

6V y- = relative volume change 

v 

w 

p 

= linear strain at hydrostatic tension 

a fracture linear strain at hydrostatic tension 

fracture strain of solid phase 

• viscosity (Ns/m2) 

= pomsoo s ratio 

= shape factor of ice crystal 

" density (kg/m 3) 
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theoretical strength of solid phase (N/m2) 

=tensile strength of material (N/m2 ) 

0 

= surface tension liquid-gas (N/m) 

= temperature (°C) 

0 = wetting angle 

L = liquid 

LG = liquid-gas 

i ice 

p dry specimen 

w = water 

TABLE 1 Analysis of data from (9), 

Method 
ASTM 

C290: 
Rapid wa-

Time in un- I 'I'ime in air 
fro5en water per cycle 
(>0 C) per j ta (h) 
cycle 

t (h) 
w 

ter 1,2 0 

C291: 
Rapid air: 0,7 1,3 

C292: 
Slow wa- ' 
ter 29 0 

C310: 
Slow air 7 18 

Time in air of 
unfrozen speci­
men (>-5°C) per 
cycle 

t (h) aw 

0 

0,3 

0 

1,5 

taw : ta 
t t w w 

0 0 

I 
o,43i 1,85 

0 0 

0,21 2,5'1 
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TABLE 2 The frost-resistance of four types of light weight aggregate 
concrete 

Material s Frost resistance, ~ according to eq (7) 
type and eCR 

At knick-
densi~ point ab- At absorption for 
(kg/m ) sorption 240 h ! 720 h ii. 1850 h 24 h 1730 

I .• 
1 0,46 ' 0,243 0,230 O,l9h 1 0,159 0,110 

a !a ii. il ' .. il ;a 
860 o,h8 i 0,258 0,246 0,210 '0,182 0,149 

·-· 
0,083 · o,oh6 2 0,33 I ~,135 ~,120 I -0,007 

e. .. a. .. 
a ' a a 

785 0,34 0,159 0,145 i 0,107 0,066 +0,011 

! 0,062 0,036 I -o,o4o 
...... 

-o,o6o 3 0,22 -0,011 
' .. .. ' ii. .. .. 
'a i a .a a 

630 0,066 0,050 i -0,002 '-0,030 -0,037 I 

t~.27 ··-···· 4 I O,Oh9 r 0,030 -0,016 ' -0,047 -0,070 .. I .. .. ;8. .. 
a a a : a a 

1240 [o,28 0,075 0,05h +0,005 '-0,030 -o ,oh·r 

TABLE 3 Test of the correctness of equations (17), (18) and (19). 

1Material s 1cR aCR 2•LcR 0cR 0cR eCR 
meas, meas, (:!=i) (:!)' ca~)' meas, 

(mm (mm) 
Cellular concrete, 
type 1 1 d~nsity 
"500 kg/m 0,62 0,309 6.45 0 61!8 0.783 <1.7 

Cellular concrete, 
type 3, d~nsity 

3.57 0.774 
. 

0 886 i <1.7 =500 kg/m 0,48 0 h20 i 
Underburnt clay I brick 0,85 0,061 5,37 5,78 12,20 12 

I I 

Well burnt cl~ 
r i brick 0,76 i 0,076 5,90 4,12 7,90 12 ii. 

! i i 14 
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~!l=Re.,iduol dyn. Young'<o modulus 
E 0 ofler 10a1?> free"Zing cycles("/.) 
100 ... .a_ .. . 

Concrele \Jilhou~ ltbres 
Vo/C =0.52 
Aggr.cem.=1'4l 
Air conlenl = 2°/o 

50 Capillary VJaler upfake• 

1~-
1200h 

Meo&ured ScR = 0.8~ 
Colculoled ScR = 0. B -

saturation at freezing 51 

En = Re5iduol dyn. Young's modulus 
Eo oller 10on freezing c~cles(o/o) 

100 ••• • •• 
C.oncrele VJilh &\eel fibre5 

50 

Wo/C =0.51 t 
Aggrjcem.a1 ,4.0 I\ Air con len I a 1.2 °/o 
Fiber volume,N1.5vol.ofo 
Capillary \Jaler uplake: 

Z4h 
1ZOh 
\IQOh 

0 

Measured ScR = 0.86J 1---
Calculaled 5m = 0.85 

0 
0 OS 1.0 Se 0 0.5 

Fig. 1--Experimental and theoretical critical degrees of saturation 
of a concrete with and without steel fibers. Capillary water uptake 
indicated in the figure 

5>>ScR 

012.34561 10 zo ?>o 40 so oo 10 ao 
Number of c.yc.les 

Fig. 2--Principles for variation of dynamic Young's modulus with number 
of cycles when the degree of saturation is constant 
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