SP 47-1
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: aggregates; 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 Tlocalized,
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. 1If 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 Powers] 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._ He ad-
vanced the hypothesis, which was further amplified in 1949,2 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 without generating destructive pressure.

Earlier, a different hypothesis had been advanced by Co]h’ns,3
based on still earlier work by Beskow? 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 f]owi?g toward the region of freezing, rather than
away from it. Powers »6 considered this hypothesis, recognized its
soundness as applied to certain soils, but ge1ieved 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.7 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 equi]ébrium 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 freezable 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 9pen1ng 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. These data
show that early attempts to quantify hypotheses were based on over-
estimates of the rates of ice production.

In 1953, Powers and Helmuthl0 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 relatively
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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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 so]ut102 in the unfrozen
capillaries, required such a transfer of water.'4 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 T1ike 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 shown!? 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
solution and ice. JIf the supply of unfrozen capillary water is rela-
tively.abundant, an unfilled cavity becomes expansive after diffusion

~has_filled the cayity:; before the expansive stage is reached, the paste
tends to shrink as water is drawn from the unfrozen cavities to the
cavities_containing ice: the observed change is a resultant of the tho

effects. "

The main function of entrained air bubbles in cement paste is to
prevent the development of, Qsmgx1c_preasune, Moisture in an air bubble
freezes as soon as any freezing in capillary cavities occurs. The
unfrozen capillary water may diffuse either to the ice and solution ip
theair bubble or to that in the capillary cavity. If it moves to a
cavity already full of ice and alkali solution,-osmotic pressure devel-
ops, but if it moves into an air bubble, no osmotic pressure develops
there because the air bubble is far from being full; therefore the ice
and solution in the air bubble wins the competition for the unfrozen
capillary water, and withdrawal of water from the cément paste producss
shr1nkage-—a freéze-drying effect: the shrinkages per deqreé of cooling
%s about two times the normal thermal_contraction per deg of cooling.

f the air bubbles are close enough together, the elimination of osmot-
ic pressure is practically t?ta1 Experience indicates that the re-
quired bubble-spacing factor 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 alone does not preclude the possibility 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 Thomas13 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 below the normal melting point. For this reason, most saturated
rocks tend to expel water during freezing,17 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 fro%e? without being damaged, as was demonstrated
by Verbeck and Landgren.] »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
and rock quality.

When in air-entrained concrete, each particle of an aggregate is
jsolated 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 into the matrix. If for example the porosity of the
rock is 2 percent by volume, all the efflux must try to enter the ma-*
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 particles 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 8robab1y present but are not ordinar-
ily observable. However, Thomas!3 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 adsorbed water expands when cooled. It is true
that the cooling of a system that contains both adsorbed and capillary
water will cause the 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.l9
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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 19554° 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
Time 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 Tean; 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 aggregate 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 surface, 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,

18t _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 saturation 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.

Lth 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 forimation; 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 existence of ecritical
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
vwhole."

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 saturationas amesmm 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 degree of saturation can be extremely useful eg. at eva-
luation of the connections between materials structure and frost
resistance. This 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,
wvay of manufacturing, degree of hydration , 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 msterisls. (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 as we know, always
based upon the state of moistening before the first freezing. So
for instance the concept "coefficient of absorption" (S  accord-
ing to the definition in eq (1) ) is often used as a concept
synonymous to the critical degree of saturation.,

W

a
8, =% (1)
All the specimems are consequently stored in water for a long time

before the freezing test starts. 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 inVolve some period where the specimers are
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 specimens
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, di fferent 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, length 25 mm). Each dot representsone specimen
with size 40 x 40 x 160 mm3, 14 different specimens are used. S _is

. . e
defined according to eq (3).
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The critical values,as defined at the knick-point,are the same for both
materials which is expected, (eq (25)), but the reinforced specimen
gets less damage if S, 1is exceeded because of its greater ductility.
Hence,in reality the Feinforced 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 sfope 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 S R Often a relatively great decrease in modulus occurs at
the first 9reezing (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 > SR

The results in fig ! are no exception. By the same freezing
technique a large amount of different building materials,at 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 2000 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,determined for a no fines light aggregate con-
crete,to 0,91 for a clay roofing tile . If consideration is taken
to the fact that only a part of the water is freezable the pange is
further broadened.

Practical jspects of Determinations 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. However,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 en 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. Hence,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 mentioning.,if 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 guestioned 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 S .. . Besides,the problem of moving icefront as well as the
problem of moisture gradient at freezing canprobably be treated
theoretically once S R is known for a small volume of the material
freezing simultanousfy 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 specimens
(30 x 30 x 120 mm9 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: normolly less: then
that in  the wettest part of the specimen. The principles of this is
shown in fig 5.

A suitable way of reaching a certain degree of saturation in a
specimen is to use relatively dry specimens (dryer than S, ), put each
specimen separately in a vacuum chamber, evacuate the poré-air 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 pressures,a
spectrumof specimens of different degrees of saturation is obtained.
Sinceevery part of the specimen has reached its degree of saturation by
wvetting 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 wetteneg 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 & 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 S., 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 specimers in the freezing chamber,
to avoid effect of temperature gradients 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 1id, 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 is
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 cyele. However,by a
microswitech the disc is stopped at the lowest temperature, =-18°C, for
1,5 & 3 hours and at :+5°c’ for 3 multiples of 1,5 & 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 supercooling 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 T.

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, its 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 rather big for imaginable specimens; 0,5 for

a cylinder #- 100 x 200 mm3 and 1,1 for a prism 40 x 40 x 160 mmé.

The rate of temperature lowering is inaverage 4§ °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 thaging ofospecimeng 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 hag 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 determinatims of
pore-volume, volume and density.

DEFINITIONS OF CRITICAL MOISTURE CONDITIONS

The physically correct definition is:

we
= 2
e (2)
Sometimes it is more convenient to use the following definition:
w
e
Se=-P— (3)

Definition (2) as well as (3)necds: the pore volume to be known.
For some materials like cellular concretesdar o fines concretes with
porous aggregate,the exact determination of open porosity is difficult.
In this case the moisture ratio can be used.

w - e ()

ery
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 (k).

Documents

Full document details: ACI SP-47


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

saturation at freezing 21

The difference between definitions (2) and (3) is greater the greater

the non freezable water contents. So for instance S eq (2) =S eq (3)
for a material like well burnt clay brick, For a material like a 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 this is however,that the moisture
conditions reached in practice are known.

Then the frost resistance is defined:

FROST RESISTANCE = s = S, = 5, (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:

(6)

8¢ = Secr ~ Sepen

vhich equation expressed in moisture ratios is:
U, - u
s =g =-CR_ YacT , , (1)

u e u
o

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

s,  (Scr)y = (Sace)y
sg  (Scr)p — (Sperlp

(8)

When the definition of moisture condition according to eq (3) is
used,the comparison of frost resistance gets the form:

A [(SeCR)A - (SeACT)A] [ - x5) 0)
A . 9
5p [ZSGCR)B - (seACT)B] 1 -%]

S

vhere K is defined:

wnf
P

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

K = (10)
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rent character.

~ part 1: 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 advanteges:

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

The determination of S .. is rapid since only & few cycles are
needed, See above . Ege determination of proper SAc :s is more
difficult but normally simple water uptake tests are Sufficient.

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

The method gives great potential possibilities of msking 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
environment 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
chosen.

However the result can be logically interpreted by use of the con-
cept critical degree of saturation. For each concrete type S is the
same in all four methods (possibly there is some veriation bécause of
differences in rate of freezing, see above ), but S varies., Evi-

dently S, .. < S.p in the methods "rapid air" and "sh6E air" whereas

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

the values of S in the four methods can be obtained by analysing the
data in the original report In Table 1 are listed approximative values
of total time in unfrozen water, t,, and in air, t,, 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, tgy.
- 59C is choosen because supercooling of the pore water down to that
temperaturenormally occurs.

The table shows that the specimens ought to have the highest degree
of saturation at method slow 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 domineting signi-
ficance, So for instance rate of freezing seems to be quite inferior,
¢f 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 RS 1,0 that is for normal
building materials. A material with onEy a few percent pores filled
with freezable water has S,. = 1,0 since the expansion at ice formation
is toosmall to give any darage. If at the same time S p = 1,0 the
frost resistance according to eq (5) is zero despite 8T naterial 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 case S, = 1,0. S = 1,0 also since the pores are
filled already by capillary condensatldn. As a consequence the frost-
resistance is zero, according to eq (5). However,in those two rare
cases S,  can be regarded as greater than 1,0 despite this is impossible
from a ggeoretical point of view. Hence the frost resisistance 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 determinatiom of 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 8 can be substantially
reduced by use of simple water uptake tests., vii a minimum condition 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) versus root of time or log
time, The knickpoint corresponds to the sudden decrease in rate of
vater uptake,when 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.

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

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

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

(SACT)min
degree of saturation versus time at a capillary water uptake.

can be defined as the knick-point value in a diagram

The knick-point value must be supplemented with 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 f Ieca: ) The frost resistance is
defined according to eq (7).

The degrees of saturation arecalculated 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 materials, 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 L 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 LI 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-layer 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

Bék,and SgR. At water uptake for a long time they reach different actual
degrees of saturation, sh and sB . The condition S is valid

for both materials for wﬁgch reagson they both have a ggod f%ggt resi-

stance when used single., Fig 15a.

The two materiels shall now be combined as in fig 15b, that is,as
a layered structure or as in figl5c¢, that is,with material B as particle
phase in a matrix of material A, Fig 15b represents 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 15¢ represents for instance a concrete with porous aggregate.

In fig 15b SA will now get exactly the same value as when the
two materials were single. Hence,there will be a jump in S at the
interphase. In fig 15¢ S can be at maximum just as high' a3 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 S will vary at the interphase. Water from the more dense

material w1§l be forced into the more porous and with greater ease

than within the dense material itself. Hence SéR will be raised
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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 SHpought to decrease at the
interphase. If this happens the dangerous condition Spp < Spor 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 @),

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

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

This is possibly an effect of a decrease in SCR and/or an increase
ACT®

The decrease in S_.. should be an effect of additional forces
because of osmotic pressure (12), However, at high salt concentratioms
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 & 5 % is
normally found to be most dangerous.

\salts can be expected since a salted,

An eventual increase in S T because of thawingYsurface gets wet
for very long periods, The proignged drying depends on the lowering of
the vapor pressure of the water and is confirmed by experiments, (13).
Another eventual "Spcp-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,

in S

Thus the hypothesis is,that in presence of deicing salts the gap
between Sop and Spop gets smaller than at "ordinary" freezing. Con-
sequently - the frost resistance is diminished.

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

In General

Informations on relations between materials structure and frost
resistance can be gained by analysing the effect of materials proper-—
ties on the values of Scr and Spep. Such an analysis has been carried

through more comprehensively in ?15).

Influence of Materials Properties on the Critical jegree of caturation

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):;

/[ 8e0_*B
D., = —ol——— (11)

CR . ' CQE
0,09 welr

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

Beo_*B(1 - P (1 -8 ) )
DCR=‘/ B e (12)
0,09w .Qﬁ
' f at

At the derivation, it 1is 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 (k2),

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):
-3 2
. oL
2 g Legptr 3Ly
E +
Der 3 ( 3 ) ) (13)

The critical radius of a spherical freezing material, RCR is
related to D.g through eq (14):
3
Rer = Der 2 (14)

This 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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28 durability of concrete

The maximum depth of water transport (X_ -X), can be ob-
tained from a heat balance equationin which IS neglected the heat loss
at lowering the temperature (damage is supposed to occur at the major
ice formation in the neighbourhocod of 0°C). Then according to (15) the
connection between DSR and the critical "depth of unsaturation" is:
(x - %) ___DCR L1 Ye
8 dx (1 - p(1 -se) )(».-f + ﬁ(se)x -se) )

us CR

(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 Dpp assumed
simu l tanous freezing in the whole slice,dx ought to be greater than
D.,. When there is no moisture gradient eq (15) is changed to eq (16).

—CR 2
2 DCR 1 DCR
(Xus - X)CR “ 8 " Ix 4 vhen dx = DCR/2’ (16)

:

Warris (17) gives eq (16) in somewhat different form. &; 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 D R in reality is determined by a permeability reduced by ice
formation,wglle 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. (1,12).

The existence of critical thicknesses has been confirmed by ex-
periments at our institution. Specimen were cut with area 30 x 30 mm?
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-
spegtion was satisfactory. 4 types of cellular concrete,l type of sand-
lime 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 mm. This is confirmed by freezing experiments on bigger speci~
mens, where the surface damage at S5 > Spp is a scaling of very thin
flakes or even crumbling. The crack system of the cellular concrete was
mainly parallell to the surface. The distance between the cracks was
about 0,5 mm,

The clay bricks had very evident critical thicknesses of about
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12 - 14 mm. See fig 16. On specimens thinner than Dog no demage could
be observed. An ice-crust covered the specimemswhen they were

frozen in air which confirms that ice is actually forced out of the
specimen at freezing. This water was regained by the specimen at
thawing,

Since critical distances at freezing evidently exist the existence
of critical degrees of saturation is a necessary consequence.

The problem of finding a theoretical expression of 8cg is reduced
to the problem of finding a geometrical connection between the distance
and the degree of saturation,

A general equation for Scy is (15).

1

CR
S ® T EO= X (17)

Where the critical air content 1cg is coupled to the distance
between air filled pores. Such expressions are given by Powers (16),
Warris (17) and Larson et al {18)., All those expressions suppose that
the air filled pores are spherical.

Warris (17)bases hia expression on the critical thickness,Dyp. His
expression is chogsen since the pores may have an arbitrary pore size
distribution.

. —_—
leg = ) (18)
1+a..C_R
2

Powers” (16) expression for lpy is simular for lpg > 0,188,

1, = —t— (19)

CR 1+°'.ECR
Insertion of eq (18) or (19) in (17) gives:

1 1

S =1~ or S =1 -
CR D CR -
(1+a°%)P(1-K) (1+GLCR)P(1~K)
(20)
Insertion of eq (12) in (20) make it possible to express Scg in
materials properties:
1
SCR =1 - (21)
\/2~0B'B(1 -P(1-8) )’
+ -
(14 0,09+wpedB/at P(1 - X)
Documents

Document Sharing Hub

Full document details: ACI SP-47


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

30 durability of concrete

Scg can however not be calculated f?om eq (20) as far as the speci-
fic surface, o, of the air filled pores is not known.
\pore size distribution of such, .
By knowledge of the\fores which can be air filled,it is possible to
calculate the variation of a with varying Spcr.

1
- ACT
g 22
Spcr = VTR - K (22)
Where 1 is a certain function of a at a certain pore size

distribution and under the assumption of a cértain distribution of
water between the pores.

1yom = £( ) (23)

ACT %pcT

Warris (17 ) has shown a theoretical method of calculation. Eq (20)

D . . .
can be drawn with a —%B or a * LCR as independent variable and with

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

Eq (22) can also be drawn with as—5— or a°L as independent
variable, which means a division of the“equation”with the eritical
distance. However this curve is quite dependent on the materials pro-
perties via the function (23) and en the properties determining the
value of the critical distance, Igp or Dgp.

The intersection of the two curves givesthe value of Scg. An ex-—
example is shown in fig 17. (SCR)min is obtained when the pore water is
located in the smallest pores since o 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 Spp,as a consequence of this,contri-
butes to a decrease of a ,that is,;to a decrease of Sgp. So for instance
a doubling of tensile strength can never correspond to an increase of
Scr according to eq (21) with all parameters except opconstant.

An example is shown in fig 17. The doubling of opg gives an increase
of Dop by a factor 1,41 according to eq (11), Then according to eq (21)
SeR 18 increased from 0,3k to 0,50. However because of the increase in
DCﬁ the curve Spop = f(a) is displaced towards the right with a factor
1,41, The new intersection between the curves of Scg and Spcr give the
new value of Spgg = 0,39 .

In the same manner an already exploited part of the strength does
not influence the value of S in the same proportion that the residual
strength is influenced. (HowéVer 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. Approximate specific surfaces of the
coarse pores have been measured for two of the cellular concretes and the
two clay bricks for which D., and ScR vere experimentally determined.
The water was assumedto bepresent 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,

q» and specific surface, a,.., (eq (23) ). Those equations are based
oﬁ spherical pores whereas the pores in the cl_y bricks were more el—
liptical. Eq (19) was used for calculation of L., after which D
calculated from eq (13), The calculated values ST LCR and D, are glven
in table 3 together with experimental values of DC

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, 1,7 mm,have been delaminated at freezing.

The calculated Dpg~-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 Dop 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)

Ser < 0917 * To5 T F(T - K) (2h)

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 paremeters determiningthevalues of Scp and Spep are discussed very
briefly.

Specific Surface--The specific surface, a, of the air filled pores
is one of the most important properties determining Spg which is clear
from eq (21). The smaller the air filled pores the higher the value
of SpgRr 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 9GR*

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 Spp at the same time as Sppp is constant if
the air content is constant.

For a concrete with no air entrainment the coarse compaction pores
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are distributed so far from each other that they could not serve as
recipients, T > Top. On the other hand the capillary pores are very
small (< 0,1u). Heénce their specific surface is very high(e>60000 mm~').
As a consequence,Sgr of the material is determined by the condition :
Ser = 0,917 for the material that is left when the compaction pores

are omitted,

The following equation can be derived for SgRr of a non air en-
trained concrete (15), The basis is wellknown data on the physical
properties of cement paste (20).

wo/c - 8(0,19 + 0,25 « k)
crR © 1,09(w /¢ = 6(0,19 + 0,25 + k) *1000-1 /C)

s (25)

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

. 0,25 * B

K=Kty Te=0,19 « g * 1000 = 1_JC (26)
SCR calculated from this equation adjusted to (Sg)cr 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 (1h),

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

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

n
o=0 (1=-(X) ) vheren = 1,0 (27)
o P
CR
P
or o=q °* 1n —%B (28)

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

PCR = 0,913 « C » wo/c + 16 1000 (29)
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o or q is a fictive value. It is determined by the amount of
aggregate, size of aggregate etc. Normally 9, is reduced with in-
creasing amount of aggregate.

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

o=a, (1-p)" (30)

More nyanced expressions are given in (1L).

that should be inserted in eq (21). Besides it is the residual strength
after reduction because of an eventual exploited part that should be used.

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

B

€, = = (31)
B EB

o, as well as E; are functions of the porosity and pore structure.oB
is even a function o¥ pore size and general structure of the material.

A simple connection between porosity and ductility is:

(32)

Where k, * I for a well cured concrete (14) and k, = 3 for a
cement paste (14),

k) is quite dependent on the pore structure etc. However normally
ky > kp. k; * 6 is not impossible for a concrete (1L). 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 Spg. This is also confirmed by experiments (1k4),

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
humidity

20, .M
- e _ | 1 1010 o YL
r e T a7 * 19,610 AT (33)
L 1n( [e] ),‘

T
o]
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Where the second term is the thickness of the adsorbed layer and
the first term is the "Kelvin radius". AH 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
twvo 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 1is a function os the pore size
distribution there must be some connection between the isotherm and the
non-freezable watercontent, Such an approximate expression is:

o] U g
R PO(TO AT)

AT = - " 1n 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
presswre 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
= - 409C (23). Then at this temperature a large amount of ice would be
forred 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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dBo ATO

TE e T eineR OpCp * SetPreytey) (35)
Where At is the time needed in order to raise the temperature of

the specimen. Rate of ice formation is however greatest close to the

spot of nucleation, The mean rate of ice formation is therefore depen-

dent on the size of specimen, According to 522) the rate of ice front

propagation at nucleation is about 10 mme*s™ ', The interval At can

therefore beexpressed as a function of size of specimen (15).

R

At = =100+R=300+ ~ (36)
v, A

ice
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;

das AT 2
0. o
_—2e W om

dt f

(y_*c_+ S *Pep sc j (37)
. N R P p e w w
p,*bh+100/3 Deg

Note: the permeability at this early freezing is considerably greater
than 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.(8).

a8

L7 TR

Where the kdnstant k is dependent on convection of the air and
of the surface-volume ratio of the specimen,

-0, ,5) (38)

SPEC AIR

A heat balance equation for the already frozen zone like the one
leading to eq (15) leads to:

dg 1 \
¢ = —— . + eKoPe + . - .
Ve ' at Ahep {Yp cp Py Kep Cu T Py P(Se K ¢ I %% (39)
In this expression Yp and cp both decrease proportional to

porosity.

Calculations show that ice formation én stage 1 is L0O0O & 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 = -L0 C,

Eq (35) can be used if congsideration 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
2 Y2y

(ko)

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
Ba L —L (41)
n T 2.y 2'u
n n 'n

Wherg P, 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.

)3 . ! . const (h2)

B, = (w
'l o2,y 2.,
0 [¢] 0

¢}

Where also T and Y are functions of temperature since they are
dependent on w .. 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 closed container. The 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:

By = B, - B.wr.r(s) (43)

The function f(8) is determined by the shape of the pore
system, In special cases B, ~0 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 criticized,
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.

W
For the well burnt clay brick mentioned earlier L < 0,062 at

the final freezing, Then B is reduced to at least: 0,06553 = 2,k 107"
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 hydraulic pressure theory is valid the expansion of a

specimen ought to follow an expression of type
wr°d8/dt
€ = const ¢ ———m——o (uk)
B

€ 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":

1 AV 1
€ £ 3(M-2v) "V " 3(1-ay) T 0s09°ve'8 (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 (uk),

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
VEéry porous paste. The degree of saturation in the specimen, is less
than the critical value calculated from an equation of 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 experlments the pore-water is supercooled to -U4 &
-5%, 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 > S__ the expansion continues
as long as ice is formed. Hence,the cement pdste 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 > S__. The contrac-
tion for the cement paste as well as for the clay brick exceeds the
normal thermal contraction {(broken line) At melting 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.

aysVyeKy + apeVyKy

!
a= vl.Kl + Vz'Kz (‘6)

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

o, is about 52¢107% at 0 C but decreases with decreaslng
temperagure. a (solid phase)is about 510~ Sfor a ceramic material.
K; = 105 kp/em? for poly-crystalline ice at -5 C (22), Ky = K, (1-p)3
for a porous material (14) where Ko = 600 000 kp/em?.

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

V| 1is the volume of ice after freezing. Then according to eq
(46) the following ratios of coefficients of thermal expansions at
freezing temperatures and at ordinary temperatures are valid.
a < =57C

= 3,3 (measured value = 3,1)

For clay brick: 3
a > 0C

a - 5% a-10% ., a-10% §-20%
1 3
a > 0% a > 0%

For cement paste: = 2,7

(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_jp = 0,05)
while the paste has considerable amounts (K_jg ~ 0,51), Besides,a clay
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saturation at freezing 39

brick shows 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 a 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 supercooling 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 way cal-
culate in which way the permeability is changed when the temperature
is lowered.

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

(u71)

But for spherical pores the specific surface can be expressed.

w
nf
Yo=3 == (u8B)

Where r is the radius of permeable pores.

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

1

r = (49)
8,061+106AT ~ 6,12¢104(AT)2 + 2+¢102(aT)3
But Vg is a function of AT,
LA £(aT) (50)

Thenby use of egs (47) - (50) the change of permeability with
temperature can be calculated.
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40 durability of concrete

For the cement paste eq (50) is: (see fig 23)

-1/2

W= 5 e AT (51}

nf
Hence eq (49) gets approximately:

r =k o wnfz (52)

By use of eq (52) and eq (4B) eq (47) is changed to:

B W .5

o . (. nf

7 5 &) (53)
[¢) e

The measured rate of ice formation can be divided by the calcu-
lated permeability which according to eq (4kL) gives the expansion.
This theoretical expansion have been calculated and is indicated in
fig 25 where the experiment in fig 23 is rewrited with time as inde-
pendent variable. The constant in eq (kl) is chogen 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.

B w k
0 nf

5 ° (=) (54)
o e

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
good agreement is obtained even when the exponent k in eq (SL4) is 3
or 4. 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 ¢ ALc €9 (44) in rig 26.
However the permeability gets very low for whicg réason it is possible
that the late freezing is a freezing in a closed container. Eq (k5)
shows however that this would mean a substantial expansion. See €CALC
eq (45) in fig 26, Hence it seems as if the expansion caused by hyérau—
lic pressure in the range O + -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 (L44) and (54), This can be the explanation
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of the discrepance between thermal contraction and expansion in fig 2k,

The maximum reduction in permeability for the cement paste is
1,3-10~3 according to eq (53). For the clay brick it is b,81073
according to eq (54) at maximum expansion. With the perhaps more
reasonable exponents 3 or 4 in eq (5h4) it is however 3,4+107" or
2,3°1075, In this case the effect on permeability of blocking the
pores with ice is 25 & 175 times greater for clay brick than for
cementpaste ,

Thus,it seems as if the hydraulic pressure theory can explain all
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 Materials Troperties on the fctual Degree of S-oturation

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, Dpr/2 from the surface at a water
uptake is (15),

ter «o. .*cosd
o2 .l V ——n_"1G }=13,o v
(se)Xx:DCR/E " Fodgr T mln 2ep Dog ' UT (55)

Where P is the amount of pores of a certain size., T is a mean
pore radius.

Hence,at a certain Dpgp and a certain time, t,ScR on the critical
depth increases with increasing pore size. The equation is however
very simplified since it takes no consideration to bifurcatims between
different pores which means that S, = 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 pemedhility 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
alr 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 Hagen-Poiseulles law or
Knudsen”s law is predominant.
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42 durability of concrete
Tot wate e

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 boefficient of capillarity” k;, which in turn can be determined
experimentally.

e (56)
£l
=
kT X, (57)
X
Where k; and k, are constants, Then it is valid.
(S )y = k. » k Klo y(K1k2m1) (58)
e "MAX A4 c
For a single capillary ky*k, = 1/2 ¢« 2 a 1, In this special case
(s ) =k o /K.
e ‘MAX W c

For a porous material ky ¢ kp < 1 which means that (S, )yax &5 &
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.
ef fig 12,

The constants k; and k; 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
ve fundamental for the understanding of the second part of the frost
resistance problem,viz.the value of Spcp. Many investigators have
found correlations between pore size distribution and frost resistance
(27, 28). Perhaps this correlation is an effect of the pore size
distribution on the constants k| and k. 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,but 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,

240

* cos O (59)

r

At a pore radius of 10w the pressure needed is = 0,15 kp/cm?.
Such a pressure can normally only be obtained by artificial 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
poreg.

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 S¢r < 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.

ACKNOWLEDGEMENTS

The author wants to thank professor S G Bergstrdm, who initiated this
research and who has provided many ideas. Another thank is transmitted
to the National Swedish Council for Building Research. which has
financed this investigation,

LITERATURE

1. Powers T C "Resistance of Concrete to Frost at Early Ages"
pp 1-k6,
Proc RILEM Synopsium Winter Concreting, Copen-
hagen 1956,

2. Powers T C "The Mechanism of Frost Action in Concrete"
Stanton Walker Lecture Series on Materials
Sciences.

Nat Sand and Gravel Ass, 1965, 35p.

3. Hirschwald K "Handbuch der Bautechnischen Gesteinspriifung'
Berlin 1912,

Lk, Breyer H "Der S-wert, des einzige, verl#ssliche Kriterium
fiir die Beurteilung des Frostbestiindigkeit Kera-

mischer Erzeugnisse". Die Ziegelind 1955 H pp 433-36,

5. Breyer H "Des Wassersdttigungsverfahren nach DIN 52113
zur Messung des Frostbest#éndigkeitsgrades von
Gesteinen”.
Die Naturstein-Ind, 5/1970, pp 134-139.

1

6, Schneider H "Uber den Frostwiderstand von Dachziegeln und
seine Priifung".
Die Ziegelind 15(1962) H 8-13,

Full document details: ACI SP-47

Documents

Document Sharing Hub


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

44

12,

15.

16.

7.

durability ot concrete

Fagerlund G

Fagerlund G

Arni H T
Foster B E;
Clevenger R A

Valenta 03

Modry S

Fagerlund G

Powers T C,

Helmuth R A

Ludema K C

Fagerlund G

Fagerlund G

Powers T C

Warris B

Full document details: ACI SP-47

"Degré critique de saturation - Un outil pour
1”estimation de la résistance au gel des
matériaux de construction”.

Matériaux et Constructions No 23 Vol L 1971
pp 271-85.

"Critical Degrees of Saturation at Freezing of
Porous and Brittle Materials".

Report 34 Div of Build Techn at Lund Institute of
Techn 1972, {In Swedish).

"Automatic Equipment and Comparative Test Results
for the Four ASTM Freezing-and-Thawing Methods
for Concrete'.

Proc ASTM 56(1956) p 1229-1256,

"A Study of the Deterioration of Surface Layer

of Concrete Structures',

Final Report Part 1 Int Symp Durability of
Concrete, Prague 1969 pp A 55- A 6L, Academia
Prague 1970.

"Materialstruktur och Frostbesténdighet"
("Materials Structure and Frost Resistance").
Report 29 Div of Build Techn at Lund Inst of
Techn 1972, 49 p. (In Swedish).

"Theory of Volume Changes in liardened Portland
Cement Paste During Freezing'.
HRB proceedings 32(1953) pp 285-297.

"Road Surface Texture',
Materials Res & Standards oct 1971 pp 13-16.

"Connections between Porosity and Mechanical
Properties of Materials", Report 26 Div of Build
Techn at Lund Institute of Techn 1972 420 p.

(In Swedish).

"Frost Resistance of Porous and Brittle Materials
in Relation to their Structure - Theory end
Experiments”.

Report 30 Div of Build Techn at Lund Inst of
Techn 1972.

"Ihe air requirement of Frost Resistant Concrete".
HRB proc 29{1949) pp 184-211,

"The Influence of Air-Entrainment on the Frost
Resistance of Concrete". Proc Nr 36 Swed Cem &
Coner Res Institute Stockholm 1964 130 p.

Documents

Document Sharing Hub


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

18.

19.

20.

21,

22,

23.

2k,

25.

26.

27.

28,

29,

Larson T Dj
Cady P Dj
Malloy J J

Fagerlund G

Povers T C,
Brownyard T L

Ahlgren L

Helmuth R A

Fletcher N H
Haynes J M
Verbeck Gj

Klieger P

Everett D H

D"Havé R;
Motteu H

Tollenaar

Full document details: ACI SP-47

saturation at freezing 45

"The Protected Paste - Volume - Concept Using
New Air - Void Measurement and Distribution
Techniques".

J of Materials Vol 2 No 1 March 1967 pp 202-226.

"Determination of Pore-size Distribution from
Freezing-point Depression',
Matériaux et Constructions No33 Vol 6 1973 pp 215-225.

"Studies of Physical Properties of Hardened
Portland - Cement - Paste’.
Bull 22 Res Labs of the PCA 1948 pp 933-69.

"Fuktfixering i pordsa byggnadsmaterial".
("Fixation of Moisture in Porous Building
Materials").

Report 36 Div of Build Techn at the Lund Inst of
Techn 1972. (In Swedish).

"Capillary size Restriction on Ice Formation in
Hardened Portland Cement Pastes'.

Proc 4th Int Symp Chemistry of Cement Vol II

Nat Bureau of Standards Wash DC 1960 pp 855-869.

"The Chemical Physics of Ice".
Cambridge University Press 1970 271 p.

"Frost Action as a Capillary Effect".
Brit Ceram Soc Trans vol 63 (1964) No 11 pp 697-703.

"Calorimeter — Strain Apparatus for study of
Freezing and Thawing of Concrete".

Res and Devel Lab Portland Cement Assoc Bull
95(1958) 22p.

"The Thermodynamics of Frost Damage to Porous
Solids",
Trans Farad Soc 57(1961) pp 1541-1551,

"Porengréssenverteilung im Ziegelscherben und
Ihre Bedeutung fliir die Frostfestigkeit",
Die Ziegelind 1970 Heft 15/16 pp 327-336.

"A Study of the Frost Resistance of Building
Materials".
Build Internat Nov 1968 pp 26-31.

"Exchange of Liquid between Paper Pores"
Appl Sci Res Section A vol 3 (1952) pp 451-461.

Documents

Document Sharing Hub


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

46 durability of concrete

SYMBOLS
A = gpecimen surface (m?)
B = coefficient of permeability (including viscosity of fluid)
(m3+s/kg)
C = cement content (kg/m3)
DCR = critical thickness of saturated slice (m)
EB = Young”s secant modulus at fracture (N/m2)
En = Young”s modulus after n cycles freezing (N/m?)
K = non freezable water content at lowest temp as fraction of
pore-volume, cf eq (10)
K = bulk modulus {(N/m?)
L = critical wall thickness of saturated hole-sphere
CR - .
(Powers” spacing factor) (m)
M = molecular weight of water (kg/k mole)
P = porosity (m3/m3 material)
PCR = critical porosity where 0B=0
ery = weight of dried specimen (kg/m® material)
Q”e = weight of evaporable water (kg/m3 material)
R = gas constant (8m/°K*k mole)
R = radius of materials sphere (m)
RCR = critical radius of saturated sphere (m)
S = degree of saturation, eq (2)
S, = coefficient of absorption, eq (1)
S = degree of saturation, eq (3). Note: Se $ S,
(Se)x = degree of saturation on depth x
SACT = actual degree of saturation (cf (se)ACT; uACT)
ScRr = criticdl degree of saturation (ef (Se)CR; uCR)
T = "Tortuosity factor" (m/m)
To = ordinary freezing temp (°x)
v = volume in general
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v = specimen volume, eq (36) (m3)

Y = gpecific surface of the waterfilled part of the pore
system (m?/m3 material). Note: Y ¥ a

c = gpecific heat (Nm/kg'oc)

%% Ve = rate of ice formation (m3/m3 materialss)

= constant in general

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

kc = "coefficient of capillarity”

k, = "coefficient of water upteke"

1 = gir content before freezing (m3/m3 material)

lACT = gctual air content correspondant to SACT (m3/m3 material)
lo = air content at mixing (m3/m3 concrete)

n = exponent eq (27)

P = pressure (N/m?)

p/ps = relative vapour pressure

q = constant eq (28)

r = (Kelvin) radius of capillary (m)

8 = Frost resistance, eq (5) (cf 8,3 se)

t = time (s)

u = moisture ratio (kg/kg)

u = moisture ratio at complete saturation (kg/kg)

Vice = rate of propagation of ice front (m/s)

Vo = max water uptake at capillary water uptake at ordinary

pressure and constant temp (m3/m3 material)

Ve = evaporable water content at lowest temp (m3/m3 material)
Vo = freezable water content at lowest temp (m3/m® material)
wf' = freezable water content in a completely saturated slice

within a materials volume (m3/m3 watersaturated material).
Note wf' # Vo
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wnf

wo/c

X

Full document details:

non freezable water content at lowest temp (m3/m3 material)
water cement ratio (kg/kg)

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

unsaturated depthjy depth from surface to a place where
expelled water can be taken care of (m)

"eritical depth of unsaturation", eq (15) (m)

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

thermal expansion coefficient (m/m+°c)
fraction of wf actually frozen

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

fraction of Ve freezing at ceasing of supercooling
density of dried specimen (kg/m3)

heat of fusion (Nm/kg)

molar heat of fusion (Nm/k mole)

time needed in order to raise temperature AT at ceasing of
supercooling (s)

freezing point depression (OC)

temperature rise at ceasing of supercooling (°c)
relative volume change

linear strain at hydrostatic tension

fracture linear strain at hydrostatic tension
fracture strain of solid phase

viscosity (Ns/m?)

poissa”s ratio

shape factor of ice crystal

density (kg/m3)

Documents

Document Sharing Hub

ACI SP-47


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

saturation at freezing 49

LN = theoretical strength of solid phase (N/m?)
og = tensile strength of material (N/m2)
o = = surface tension liquid-gas (N/m)
0 = temperature (°c)
0 = ywetting angle
Indici
L = liquid
LG = liquid-gaes
i = ice
P = dry specimen
w = water

TABLE 1 Anelysis of data from (9).

Method Time in un- Time in air { Time in air of t v f t
ASTM fro%en water per cycle unfrozen speci- €9~ ! ;2

(>07C) per men (>-5°C) per W W

t_ (h) , -

cycle [:3 i cycle :

t, (n) oty (B) |
€290: .
Repid wa-
ter 1,2 0 1 0 0 0
c291: i ' ’
Repid air, 0,7 I 1,3 0,3 0,h3; 1,85
c292: | ; ;
Slow wa- ! ; f ;
ter i 29 0 : 0 i 0 0
€310: ! ' :
Slow air ' T 18 1,5 0,21 2,57
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50 durability of concrete

TABLE 2 The frost-resistance of four types of light weight aggregate

concrete
Material, Se Frost resistance, S according to eq (7)
type and CR T
densigy At.knJCK At absorption for
point ab-
(kg/m) sorption N
P 2hh | 2kon 1720 h | 1730 & 1850 h
!
1 0,k6 ;0,243 0,230 | 0,19% :0,159 0,110
a & a a ! a
860 0,48 i 0,258 0,246 | 0,210 ' 0,182 0,149
2 0,33 | 0,135 0,120 | 0,083 0,086 {  -0,007
a a a a a a
785 0,3k 1 0,159 0,145 | 0,107 0,066 +0,011
3 0,22 | 0,062 0,036 | -0,011 -0,0b0 |  -0,060
‘a a © 8 - a
630 0,066 { 0,050 © -0,002 -0,030 -0,037
T 0,27 ' 0,0L9 70,030 <-0,016 ' -0,047 |  -0,070
a a L LA La a
1240 0,28 - 0,075 0,054  +0,005 ' -0,030 -0,0b7

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

{ —
Material .
averig secx Ler 4R 2'Leg | Per Der

meas. meas., calc, calc, calc. meas.,
(mm™1)!  (mm) {mm) (mm)

Cellular concrete,
type 1, dgnsity
=500 kg/m

Cellular concrete,
type 3, dgnsity

0,62 0,309 | 6,45 0,648 0,783 | <1,7

=500 kg/m 0,48 | o.h20 | 3,57 0,77k { 0,886 | <1.7
Underburnt clay ;
brick 0,85 0,061 | 5,37 5,78 12,20 12
Well burnt clay !
brick 0,76 | 0076 5,90 | L,12 7,90 . 12 &
' i 11k
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En-Residual dyn. Young's modulus En _Residual dyn. Young's modulus
° after 10813 freezing cycles (%) Eo

afler 10613 freezing cycles()
100 100 [ X% Y 3‘! [}
Concrele without fibres Loncrele with steel fibres| [\
\o/C = 052 Wo/C =051
Aggr: cem.=1:] F\.ggr./cemﬂ =Lf.0°
Air conlent = 2% Air conlent=1.2%
. ' Fiber volume:~15vol.%
50} Capillary waler uptake: 501- Copillary waler uptake:
h 24h
120h 120h
1200h 1200h
Measured Scp = 0.86] | | Measured Scg=086]} |
Calculaled Sep = 0.8 0 Caleulaled Scg= 085
i i
0 05 0% O 05 10%
Fig. 1--Experimental and theoretical critical degrees of saturation
of a concrete with and without steel fibers. Capillary water uptake
indicated in the figure
En /€0 ()
100 »} S<Scr

9225 |

' 5>5¢cn
0 VIR S T

01t 234567 10 20 3 40 50 60 70 80

Number of cycles

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