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ABSTRACT

FROST RESISTANCE OF PORTLAND CEMENT CONCRETE PREPARED
WITH CHEMICAL AND MINERAL ADMIXTURES AT
MARGINAL AIR CONTENT

By

Shamshad Ahmad Khan

Freeze-thaw durability is considered to be one of the most important factors
affecting the performance of portland cement concrete in temperate regions. Frost
resistance, which is believed to be a function of the air void and water pore systems, is
affected by the use of different types of chemical and mineral admixtures. Air
entrainment has traditionally been considered the single most important factor for making

frost-resistant concrete, but the use of silica fume has recently shown some promise in

the preparation of nonair-entrained frost-resistant concrete at very low water-cement
ratios. This research was conducted to determine qualitatively and quantitatively the
effects of various chemical and mineral admixtures on the frost resistance of portland
cement concrete at marginal air contents and typical water-cementitious ratios.

A laboratory experiment was designed and conducted on concrete mixes that
represented a broad range of admixture applications. Most of the test mixes were
designed to contain only small amounts of entrained air so that the effects of the

admixtures on concrete durability would be more apparent. Durability testing was




performed, along with strength testing and microscopic analyses of the air void and water
pore structure. Permeability and the freezable moisture testing was conducted on the
companion specimens at the University of Washington under the same project. Several
measures of the concrete air void systems were computed and compared to determine
which parameters are the best predictors of concrete frost resistance. Results indicated
that spacing factor based on entrained air content was the best predictor of concrete frost
resistance for the mixes tested in this work. It was also concluded that the maximum
allowable spacing factor can be increased from 0.2 to 0.3 millimeter without loss of
durability for many mixes prepared with chemical and mineral admixtures.

The results indicated the possibility of producing frost-resistant concrete at
marginal air contents with 15% class F fly ash, and 8% and 15% silica fume
(replacement by weight of cement). The good performance of class F fly ash was
attributed to the effects of type, amount pozzolan, and particle size distribution. In the
case of silica fume, the fineness and the pozzolanic properties of the material were
considered the most likely sources of improved performance, producing significant
reductions in the permeability and the freezable moisture.

Finally, a model was developed to predict concrete durability as a function of
spacing factor, freezable moisture, and compressive strength. Freezable moisture was
found to be an especially important indicator of frost-resistant concrete. It is
recommended that additional work be performed to validate this finding on a wider range
of mix designs and to develop design criteria that utilize freezable moisture

measurements.
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CHAPTER I

INTRODUCTION

1.1 Problem Statement

Concrete has been widely used as a construction material since the Roman era
about 2000 years ago [1]. While many concrete structures have withstood the disruptive
forces of nature (in some cases for centuries), others have shown signs of deterioration
after only a few months. One major source of poor durability in concrete was identified
in the early 1930s: the deterioration of concrete due to repeated cycles of freezing and
thawing. Many studies since then have verified that concrete is susceptible to the
phenomenon of frost action in the presence of moisture [2].

There have been dramatic improvements in the properties and performance of
portland cement concrete (PCC) over past decades, particularly with respect to durability.
The discovery of the beneficial effects of air entrainment followed by the cooperative

research efforts of many organizations finally resulted in the establishment of current
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specifications for providing frost-resistant concrete. These specifications are based
primarily upon air content, strength, and air void characteristic requirements. The criteria
recommended by American Concrete Institute (ACI) committees 201, 211, 212, and 318
[3,4,5,6] are being used internationally.

However, it has been established that the use of different kinds of air-entraining
agents (AEA) affect the frost resistance of concrete in different ways, resulting in the
production of concretes ranging from highly frost-resistant to totally non-frogt—resistant,
depending on the bubble size and spatial distributions as well as the total volume of air
produced [7]. It has aléo been documented that, for normal strength concrete, each
percentile of air entrainment reduces the compressive strength of the concrete by about
2 to 10 percent [8,9.10,11].

The development and use of other types of admixtures during the past few
decades have also revolutionized the use of concrete in many ways. For example, the use
of water reducers (WR) or high-range water reducers (HRWR), also known- as
superplasticizers, has now made it possible to produce workable concrete with extremely
low water-to-cement ratios (W/C), which was almost impossible in the past [3,4,12].

These admixtures have often produced frost-resistant concretes with higher spacing

factors than allowed by standard specifications [13]. The stability of the air void system
of the concrete in the presence of superplasticizers has also been questioned and spacing
factors two to three times higher than those produced by AEA have been observed in the
hardened concrete [14].

The partial replacement of the portland cement with different types of mineral

admixtures, such as fly ashes (FA), ground granulated blast furnace slag (GGBF slag),
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and condensed silica fume (CSF), is also becoming more common. These materials im-
prove some properties of the concrete and have economic and environmental advantages.
These mineral admixtures, have different origins and different chemical and physical
characteristics, have great potential for altering the PCC air void characteristics of
permeability and pore structure, which may greatly affect the frost resistance of the
portland cement concrete [18,19,20,21,22,23].

Tynes [21], Malhotra [22], Whiting [23] and others generally agree on the effects
of admixtures on many PCC properties. However, there is considerable disagreement
concerning their effects on the frost resistance of concrete. Furthermore, there are no
separate specifications for the production of frost-resistant concrete made with chemical
and/or mineral admixtures; the specifications that have been prepared for normal concrete
with AEA are expected to apply to all concretes without distinction, which may or may
not be true.

The frost resistance properties of PCC produced using various kinds of admixtures
must be used to evaluate existing criteria for the production of frost-resistant concrete
because these criteria may or may not be generally applicable to today’s materials. The
chemical and physical properties of the admixtures, together with the fine particle size
and pozzolanic and cementitious properties of the pozzolans, greatly affect the pore struc-
ture and the air void system of the concrete, and thus, the concrete frost resistance.
These factors have not yet been thoroughly evaluated in the context of concrete frost
resistance and its relationship to the air void and water pore system parameters.

Given the above, there is a need to evaluate and study the effecfs of chemical and

mineral admixtures on the air void system, water pore system, and frost resistance of
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portland cement concretes. Criteria for the production of frost-resistant PCC must also

be improved.

1.2 Objective

The overall objective of the study here is to advance the state of the knowledge
on the frost resistance of concrete, and study the effects of various types of chemical and
pozzolanic admixtures on the durability of portland cement concrete exposed to repeated
cycles of freezing and thawing.

The specific objective of the experiment in this study is to determine qualitatively
and quantitatively the effects of various kinds of admixtures on the air void parameters
and frost resistance of portland cement concrete produced at marginal air content, and
to suggest modifications, if any, to the existing specifications/guidelines for the

production of frost-resistant concrete.

1.3 Research Approach

A two-phase approach was adopted for this study. Phase I of the research was to
conduct an extensive literature review to identify the research needs with respect to the
frost resistance of concrete made with different kinds of chemical and mineral
admixtures. Phase II of the work was to develop and conduct a test program in order to
determine the effects of different combinations of admixtures, water-to-

cement/cementitious ratios (W/C+P), and curing time on the air void system and the
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frost resistance of PCC. Various air void parameters were measured for each mix design,
and tests were conducted to determine different freeze-thaw durability measures. A
computer program developed at the University of Washington was run on data extracted
from linear traverse tests to determine various air void parameters for the hardened
concrete, and a statistical analysis package was used to identify and quantify relationships

between the design and performance parameters.

1.4 Scope

Many types of chemical and mineral admixtures are available in today’s market.

It would be almost impossible to test all of these admixtures here because of time and
economic constraints. Thus, the variables selected for use are representative of the
admixtures and the conditions most commonly used and encountered in the production
of improved PCC. Furthermore, these varigbles were only tested at levels that represent
the current range of practice. Two types of AEA and WR/superplasticizers and four
kinds of pozzolans (class F and C fly ash, CSF, and GGBF slag) were selected for the
research. Curing periods of 28 and 56 days and W/(C+P) of 0.40 and 0.45 were
selected to be tested as nonmaterial factors. The preliminary testing was done on three

levels of air content and three levels of water-to-cement ratio. In most of the cases, the

test variables were kept at two levels for the reasons mentioned above; thus, a full

factorial matrix design was used to determine the main and interaction effects.
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CHAPTER 11

BACKGROUND

2.1 Freeze-thaw Durability of Concrete

Current designers of concrete structures in temperate regions are conscious of the
freeze-thaw durability of portland cement concrete whose performance is affected by the
development and increased use of different kinds of admixtures. Today, the durability
of concrete is defined as its ability to resist weathering action, chemical attack, abrasion,
or any other process of deterioration [24]. A durable concrete is expected to both retain
its shape and quality, and render its intended service for the design period.

The research work of the past few decades has shown that freeze-thaw durability
is a problem for temperate regions where structures are exposed to repeated cycles of
freezing and thawing in the presence of moisture. The damage caused by freezing and

thawing is considered serious since it substantially reduces the life of structures. The

deterioration of concrete is normally indicated by scaling, spalling, popouts, D-cracking

6
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(deterioration line cracking), and extensive crazing. This damage can be increased by the
use of deicing chemicals (salts), which are commonly employed for the removal and
prevention of ice formation.

The maintenance and reconstruction of low-durability concrete structures can
consume huge amounts of effort, time, and money. However, durability problems can
be considerably reduced or eliminated through the use of sound materials and proper mix
designs. Extensive research has shown that concrete made with good quality aggregates,
low water-cement ratio, and a proper air void system is likely to be highly resistant to
frost action if it is allowed to reach maturity before exposure to aggressive environments
[25]. The frost resistance of pozzolanic concrete depends on the adequacy of the air void
system, the soundness of the aggregate, age, the degree of hydration (maturity), the
strength of the cement paste, and the moisture condition of the concrete [26]. Frost
resistance will be further discussed in the next chapter.

Aggregate is generally treated as a filler in concrete, but it often plays an
important role in concrete durability. Aggregates from different sources with different
chemical compositions and physical characteristics exhibit varying properties. Only a few
with low absorption, adequate pore structure, and a good freeze-thaw durability record
can provide a frost-resistant concrete. The use of good quality, frost-resistant aggregates

constrains potential freeze-thaw problems to the paste fraction of the concrete.




2.2 Freezing and Thawing of PCC

2.2.1 General

The deterioration of hardened cement paste can be related to the combined effects
of the complex microstructure of the materials from which concrete is made and the
specific environmental conditions to which concrete is exposed. Thus, concrete that is
frost-resistant under one set of conditiohs may not be durable under another set of
environmental conditions. For example, a well-designed concrete structure cast without
air entrainment may last a long time in Texas; the same mix will probably show signs
of deterioration much earlier in Michigan, where it would experience repeated cycles of
freezing and thawing.

The original hypothesis explaining the mechanism of freezing and thawing was
advanced by Powers in 1945 [27]. He and his colleagues further improved upon this
work in later years [28]. Although other theories have been presented, all researchers
believe that damage due to frost action takes place when the concrete is frozen at or
above some critical level of saturation. Therefore, it is useful to discuss the concept of
critical saturation before discussing theories relating to the mechanisms of freeze-thaw

damage.
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2.2.2 Critical Saturation

The theory of critical saturation was first presented by Hirschwalt in 1910 [29].
Since water expands by one-tenth of its volume in changing to ice, when the pores of
rock or similar material are uniformly filled with water to nine-tenths of their capacity
or less, freezing may complete the filling of the pores without creating additional
pressure, and the rock remains unchanged by frost action. When the saturation is carried
beyond nine-tenths of the available pore volume, the ice has insufficient room for
expansion and produces cracks. This theory was further confirmed by Cardon [30], who
explained that one cubic centimeter (cc) of water occupies about 1.09 cc of space after
freezing and any void in the aggregate or cement paste which is more than 91 percent
full of water will be subjected to pressures when freezing water forms into ice, unless
the excess water can be forced from the void during freezing. Thus, concrete deteriorates
very rapidly with repeated freezing and thawing, if it is fully saturated [31].

Before further discussion of the mechanisms of freezing and thawing damage, it
is important to understand the water pore structure of the hydrated cement paste, which
plays a key role in determining the performance of concrete exposed to repeated cycles

of freezing and thawing.
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2.2.3 Water Pore Structure of Hydrated Cement Paste

General

A knowledge of the microstructure of portland cement paste and the roles played
by various kinds of pores is essential to the better understanding of the freezing and
thawing mechanism. The discussion below is based primarily on the explanations of
Bruneauer [32], Copeland and Schulz [33], Brunauer and Copeland [34], Mehta [2], and

Cordon [30].

tructure of the H ted Cement Paste

Anhydrous portland cement is produced by pulverizing clinker (a product of high
temperature reactions between calcium oxide, silica, alumina, and iron oxide) with a
small amount of calcium sulfate. In ordinary portland cement, the amounts of the
principal clinker minerals are typically 40 to 60 percent C,S (tricalcium silicate), 15 to
30 percent C,S (dicalcium silicate), 6 to 12 percent C;A (tricalcium aluminate, and 6 to
8 percent C,AF (tetracalcium aluminoferrite, where C=Ca0O, S$S=Si0,, A=ALO0;,
F=Fe,0;, S=S0,, and H=H,0). The two calcium silicates comprise about 75 percent
of the portland cement by weight.

Mehta [2] describes in detail the types, amounts, and characteristics of the four
principal solid phases of hydrated portland cement, as resolved by the electron

microscope: (1) calcium silicate hydrates (C-S-H); (2) calcium hydroxide {Ca(OH),}; (3)
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calcium sulfoaluminates; and (4) unhydrated clinker grains. In the hydration reaction, the

two silicates produce similar calcium silicate hydrates and different amounts of calcium
hydroxide. Because of the resemblance of C-S-H to the natural mineral tobermorite, it
is sometimes called "tobermorite gel." This gel is the most important constituent of
hardened portland cement paste and, as such, of the concrete, as well. This gel plays a
key role in determining the rheological properties of the fresh concrete. Tobermorite gel
also plays a vital role paste in setting and hardening, and is important in determining the
strength and dimensional stability of the hé.rdened paste and concrete.

The exact structure of C-S-H is not yet known, but several models have been
proposed to explain the properties of the material. According to the models of Powers
[35] and Brunauer [32], the material has a layered structure with a very high surface area
(on the order of 100 to 700 m%*/g, depending on the technique of measurement). The
strength of the material is mainly attributed to van der Waals forces, since the size of the
gel pores or the solid to solid distance is typically about 18 A. The C-S-H structure has
been visualized by the Feldman-Sereda model [36] as being composed of an irregular or
kinked array of layers that are randomly arranged to create interspaces of different shapes
and sizes (5 to 25 A).

In contrast to C-S-H, calcium hydroxide is a compound with a distinctive
hexagonal prism morphology, which varies from nondescript to stacks of large plates and
is affected by the available space, temperature of hydrogen, and impurities present in the
system. The strength contribution potential of Ca(OH), due to van der Waals forces is
limited as a result of its considerably lower surface area. Furthermore, the presence of

excess calcium hydroxide in the hydrated cement paste has an adverse effect on chemical
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durability to acidic solutions due to its higher solubility than C-S-H.

Types of Pores/Voids

In addition to solid phases, the hydrated cement paste also contains various kinds
of voids that have an important influence on the properties of the cement paste and the
concrete. The typical sizes of these solid phases and the voids are diagrammatically
explained by Mehta [2] in a very comprehensive manner (figure 2.1).

Powers and his colleagues [37] were the first to show the two physical properties
of cement paste, surface area and porosity, which are instrumental in determining the two
most important engineering properties, strength and dimensional stability. Inevitably,
there are tiny pores of molecular dimensions between particles of tobermorite gel and
somewhat larger pores between aggregations of gel particles. The former are known as
gel pores, while the latter are called capillary pores. The various types of voids and their

significance are discussed below.

(1) Gel pores. These are the interstitial cavities between the particles of tobermorite and
other calcium silicate hydrates. They are also known as interlayer spaces within the

C-S-H structure. Powers assumed gel pores to be 18 A, whereas Feldman and Sereda
suggested they vary frt;m 5 to 25 A. These pores are too small to have an adverse effect
on the strength or permeability of the hydrated cement paste. However, since water in
these pores is held by hydrogen bonding, its removal under certain conditions may con-

tribute to drying shrinkage or creep [2].
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(2) Capillary pores. These are also known as capillary cavities/voids. These are the
unfilled, irregularly shaped spaces between the aggregations of gel particles in the solid
component of hydrated cement phase. They are formed by water in excess of that
required for the hydration of the portland cement. It has been shown experimentally by
Powers [37] that higher water-cement ratios lead to more and larger capillary pores.
Since the total amount of the hydration product remains constant for a given amount of
cement, the increase in volume paste content is due to the capillary pores, which
determines the porosity of the cement paste. Typical pore size distribution plots for dif-
ferent hydrated cement pastes found by Mehta and Manmohan [38] are shown in figure
2.2. It can be seen that the size of pores reduces with decrease in water-cement ratio and
increase in hydration period. The size and number of capillary pores depend on the
water-cement ratio and the degree of hydration. The capillary pores vary in size from
0.01-0.05 um for well-hydrated cement pastes with low water-cement ratios, and are
generally 3-5 um at early stages of the hydration reaction [2]. Capillary pores smaller
than 50 nm are important with respect to shrinkage and creep whereas pores larger than

50 nm are considered harmful to strength and impermeability.

(3) Air voids. There are two kinds of air voids in portland cement concrete: entrapped
and entrained. One difference between the two is that entrapped air voids are unintentia-
lly included in the cement paste during the mixing process, whereas entrained air voids
are purposely introduced in the cement paste with the help of an AEA to protect the
concrete from frost action. Entrapped. air voids are usually larger than 1 mm (some

researchers agree they are greater than 3 mm) while entrained air voids generally range
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from 50 to 200 um. Thus, both types of air voids are much bigger than the capillary

pores and are capable of adversely affecting the strength and impermeability of the

cement paste or concrete.

Water in the Hydrated Cement Paste

Water in the hydrated cement paste exists in many forms and its classification is
usually based upon the degree of difficulty associated with its removal. As there is a
continuous loss of water from a saturated cement paste in conditions of low relative
humidity (RH), the dividing line between the different moisture classifications is not

rigid. The different classifications are defined and discussed below:

(1) Capillary water. Water in capillary pores is considered "bulk water" and is not
influenced by the attractive forces exerted by the solid surface. From a behavioral point
of view, water in capillary pores that are greater than 50 nm in diameter is considered
"free water" because its removal does not cause any volume changes. The removal of

water from smaller capillaries (i.e., less than 50 nm in diameter) can cause shrinkage.

(2) Adsorbed water. This water is closer to the solid surface than capillary water. Under
the influence of the attractive forces, the water molecules are physically ad‘sorbed onto
the surface of the solids. It is thought that up to six molecular layers of water (15 A) can
be physically held with hydrogen bonding. A major portion of the adsorbed water can

be lost by drying the hydrated cement paste to 30 percent relative humidity. Its loss is
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mainly responsible for drying shrinkage.

(3) Interlayer water. This is the nonmolecular layer of water between the C-S-H layers.
This water is held strongly by hydrogen bonding, and thus the bond can only be lost
under extreme drying conditions (below 11% RH). Considerable shrinkage results from

the removal of interlayer water.

(4) Chemically combined water. This water is an integral part of the hydrated cement
paste. This water is lost only under extreme heating conditions when the hydrates

decompose. It is basically considered part of the hydrated cement paste solids.

2.2.4 Freeze-Thaw Damage Theories

Hydraulic Pressure Theory

Powers first advanced the "hydraulic pressure theory” hypothesis in 1945 to
explain the mechanism by which damage due to repeated cycles of freezing and thawing
would take place [27]. He further amplified the hypothesis in 1949 [28]. The basic
premise is that in water-soaked paste, the capillary pores and the gel pores are full, or
nearly full, of water. When the temperature falls to a point where ice crystals should
begin to form (possibly first in larger capillaries), the volume of the water and ice will
increase. If space for expansion is unavailable, the water and the surrounding cement

paste will be subjected to increased pressure until excess water in the capillary escapes
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to the nearest void. Since cement paste is a porous material with an extremely low
coefficient of permeability, "hydraulic pressure” will be generated. The magnitude of
this pressure depends on: (1) the coefficient of permeability of the material through
which the water is forced; (2) the distance to the nearest void boundary; (3) the rate at
which the freezing occurs; and (4) the degree of saturation.

Theoretically, the hydraulic pressure increases in approximate proportion to the
square of the distance from the air void [37]. If this pressure exceeds the tensile strength
of the cement paste at any point, it will cause local cracking. Additional water will enter
through this crack in wet environments only to freeze again and, with repeated cycles of
freezing and thawing, there will be progressive deterioration of the concrete with each
cycle. Powers concludes that every void in the cement paste is assumed to be bordered
by a zone or shell in which the hydraulic pressure cannot become high enough to cause
damage.

Powers and Helmuth experimentally verified the hydraulic pressure hypothesis,
and as demonstrated in figure 2.3, which shows that shrinkage takes place before the
freezing starts, but that expansion takes place as freezing continues. Hydraulic pressure
in the capillaries first develops at the instant freezing starts, with the amount of the
pressure depending upon the rate of freezing and the ease with which water is forced out
of the capillary. Thus, the specimen as a whole begins to expand, as shown in figure 2.4.
No other mechanism identified to date has accounted for all of the events and conditions

described above [30,37].
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Ice Accretion/Diffusion of the Freezing of Gel Water in Capillari

With continued experiments, Powers and Helmuth advanced the basic assumption
of the hydraulic pressure hypothesis to the status of an established fact [37]. At the same
time, they also realized that hydraulic pressure does not account for all the phenomena
produced by freezing. Part of the effect of freezing is apparently due to the tendency of
microscopic bodies of ice to grow by drawing water from the gel.

The experiments also showed that only very small amounts of water in the
concrete freeze near the normal freezing point (0°C or 32°F); indeed, the amount of
frozen water increases as the temperature decreases. This behavior and the other evidence
show that most of the capillaries are quite small, resulting in increased surface tension
and higher pore water pressure as the pore size decreases. Therefore, as pore size
decreases, pore pressures will increase and the freezing point of water is depressed.
Thus, ice in the capillary pores of the frozen cement paste is surrounded by the unfrozen
water of the gel pores.

The gel water in a saturated state has the same energy as that of the normal water
in bulk. There is a thermodynamic equilibrium between the gel water and the ice in the
capillary pore at 0°C, assuming one atmosphere pressure for both and a capillary size
large enough so that the surface tension is negligible. If the temperature drops below the
freezing point of water in the capillary, thermodynamic equilibrium is destroyed and the
gel water gains a higher energy state than the capillary ice. This higher energy state
enables the gel water to move to the capillary where it freezes and causes the ice crystal

to enlarge. With this diffusion of water, the gel has a tendency to shrink. On the other
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hand, the growth of the ice in the capillary places the ice and the film around the ice

under pressure, which is enough to produce dilation and expansion of the cement paste.
This explains the phenomena of continued expansion in a non-air-entrained paste.

In the case of air-entrained concrete, water in the gel pores can also diffuse to the
previously formed ice by the hydraulic pressure in the air void. However, the amount
of ice in the air void is usually less than the void capacity. While the ice in the air void
also grows, it may not be under significant pressure. Thus, the net effect of the water
lost by the gel pore to the air void is shrinkage of the paste. In the case of non-air-en-
trained concrete, a large amount of water may diffuse to the capillary pores. Here the
capillary ice can grow until thermodynamic equilibrium is achieved with the gel water.
If the stress from hydraulic pressure or from the growth of capillary ice ruptured the gel
and thus released the pressure on the ice, the growth is limited to the freezable water
in the system. If the paste is air-entrained, the diffusion period to the capillary cavities
is brief. In figure 2.3, the fast ri;ﬁng part of the curve shows expansion due to hydraulic
pressure; expansion due to diffusion is shown by the dotted line in figure 2.4. The influ-
ence of the air voids is shown by the solid (bottom) line in figure 2.4. The replenishment
of the gel water during the thawing period (through the cracks) will theoretically provide
moisture for unlimited growth of the ice crystals [30,37].

It should be emphasized here that failures by hydraulic pressure and ice accretion
occur due to different mechanisms and under different circumstances. Hydraulic pressure
will be the greatest when the rate of freezing is rapid, whereas ice accretion progresses
with time and is most likely to cause damage if the concrete remains frozen for an

extended period [39].
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Osmotic Pressure Theory

In addition to the hydraulic pressure caused by the water freezing in large
capillaries, the osmotic pressure resulting from the partial freezing of solution in the
capillaries can be yet another source of destructive expansions in the cement paste [2,30].
The water in the capillaries is not usually pure, typically consisting of soluble substances
such as alkalies, chlorides, and calcium hydroxide. Solutions other than pure water freeze
at lower-than-normal temperatures. In such cases the freezing point decreases as the
concentration of the solution increases. If two solutions of different concentration are
present, the solvent particles under such conditions move towards the solution of greater
concentration, and a differential head is established between the two solutions. This
osmotic action increases the hydraulic pressure in the cement paste as the freezable water
is forced from the capillaries into the gel pores opbosite to the direction of flow of water
[30]. The pressure required to overcome osmotic pressure in the capillary is a
combination of the hydraulic pressure required to force capillary water into the gel pore
structure and the osmotic pressure which resists this flow.

This mechanism is considered a possible cause of scaling of concrete pavements
where salts are used for the removal of ice. Use of salt increases the concentration of salt
in the capillary voids near the surface and, as the salt solution freezes, osmotic pressure
builds up in the capillaries. This increase in the pressure may be sufficient to cause a
rupture of the cement gel near the surface of the pavement, which causes scaling.
Verbeck and Klieger [40] found that increases in the concentration of the salt in freezing

and thawing tests increases the disruptive effect of frost action. A two to four percent
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concentration of salt appears to cause the greatest damage to concrete, due to the
presence of an optimum combination of freezable water and osmotic pressure. At greater
concentrations (more than 4 %), there is a decrease in deterioration, since lowering the
solution freezing point gives the water in the capillaries an anti-freeze effect and reduces
the freezable water. The use of salt may also increase the availability of moisture for

saturation at the surface due to its anti-freeze effect.

Other Theories

The mechanisms just discussed do not appear to be the only causes of expansion
of cement paste due to freezing. Expansion of the cement paste has also been observed
when benzene, which actually contracts on freezing, was used as a pore liquid [41].

Litvan [42] explains that the rigidly-held water in the C-S-H (both interlayer water
and adsorbed water in gel pores) cannot rearrange itself to form ice at the normal freez-
ing point of water because the mobility of water existing in an ordered state is rather
limited. Usually, the more rigidly water is held, the lower the freezing point. The
increasing order of rigidity with which water is held in the cement paste is: (1) capillary
water in small pores of 0.01 to 0.05 um; (2) the adsorbed water in gel pores; and (3)
interlayer water. The gel pore water does not freeze above -78°C and it stays in a
supercooled state while water in the capillaries freezes. Due to the thermodynamic

inequilibrium, the water moves to the areas of lower energy state, the capillary pores.
When there is no room in the capillary pores (i.e., they are saturated), internal pressure

increases and the system expands.
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Litvan also indicated that moisture transport associated with the cooling of
saturated porous bodies may not necessarily lead to mechanical damage. The mechanical
damage occurs when the rate of moisture transport is considerably less than demanded
by the conditions such as large temperature gradient, low permeability, and a high degree

of saturation.

2.2.5 Factors Affecting Frost Resistance

Air Content

As explained earlier, the total amount of air content includes both entrapped air
and entrained air. The presence of entrained air is desired in concrete which is required
to be protected from frost action. Cook [43], while discussing the durability of a concrete
specimen under severe conditions, stated that, "Well-made concrete containing good
quality materials will not ordinarily withstand the exposure for more than one winter
unless the concrete contains proper amount of entrained air." It has been well established
that these air voids reduce hydraulic pressure by providing a place where water flowing
out of a capillary cavity can safely freeze. As a result, the hydraulic pressure within a
certain radius of the void is less than the tensile strength of the cement paste; the cement
paste in this area may be considered to be in a zone of protection. When the air voids
are properly distributed throughout the cement paste, there will be no place where the
hydraulic pressure exceeds the tensile strength of the paste, and the paste will be pro-

tected from the damage of frost action. The maximum acceptable spacing factor i.e., an
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index related to the maximum distance of any point in the cement paste from the
periphery of an air void, in millimeters or inches (as per current specifications) is
typically considered as 0.20 mm (0.008 in.), which can be achieved by entraining
quantities of air that vary with the size of the aggregate used. This will be discussed later
in detail.

Powers [44] was the first to explain the role played by air content in the frost
resistance of concrete. He observed that a saturated cement paste without air entrainment
elongated by 1600 microstrain during a freezing cycle (-24°C) and retained a residual
permanent elongation of 500 microstrain after thawing to its original temperature, as
shown in figure 2.5a. Another specimen with two percent entrained air showed a
maximum elongation of 900 microstrain and a residual elongation of less than 300
microstrain under similar conditions (see figure 2.5b). The specimen with 10 percent
entrained air showed no elongation on freezing and no residual dilation on thawing;
rather, it experienced a slight contraction (figure 2.5c), which is considered as the net
effect of the different mechanisms taking place in the cement paste, as explained earlier.

Apart from the positive effects of the air content in the cement paste, reduction
in strength is considered a negative side effect . Strength losses varying from two to ten
percent per one percent increase in entrained air have been reported by different
researchers [8,9,10,11].

Thus, proper air entrainment can be used to produce a frost-resistant concrete, but
it also reduces the strength of PCC. The effect of combinations of various kinds of
admixtures on the air content and other properties of concrete will be discussed in the

next chapter.
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Figure 2.5. Response of saturated cement paste to freezing and thawing, both with
and without entrained air [44].

(a) Specimen without air-entrainment,
(b) Specimen with 2% air-entrainment, and
(c) Specimen with 10% air-entrainment.
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Aggregate

Concrete with appropriate air entrainment can still be damaged due to frost action
if it includes non-durable aggregate. The mechanism for the development of internal
pressure in the cement paste upon freezing is also generally applicable to aggregates.
Aggregate behavior under freezing and thawing basically depends on the quantity and
size distribution of the aggregate pores and the continuity of the pore structure.

Verbeck and Landgren [45] classified aggregates into three categories. The first
category consists of aggregates with low permeability and high strength, in which the
elastic strain introduced by freezing water is accommodated without causing cracks. The
second includes aggregates with intermediate permeability (i.e., with pores diameters of
less than 500 nm). These aggregates can get saturated and hold water which, upon
freezing, requires an escape boundary of an empty pore (like the entrained air void in
cement paste) to relieve the pressure. The distance to this boundry in the case of most
aggregates, is much higher than in cement paste due to higher permeability. It has also
been shown by Bloen [46] that larger aggregate sizes are often less resistant to repeated
cycles of freezing and thawing than smaller sizes of the same type of aggregate. This
gives rise to the concept of critical aggregate size, which depends upon the rate of
freezing, degree of saturation, and permeability of the aggregate. The third category of
aggregates includes those with high permeability. The high permeability permits easy
entry and exit of water under freezing and thawing conditions, but creates frost action

problems by allowing water to accumulate in the transition zone between the aggregate

and the cement paste.
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It is considered advisable to avoid the use of highly absorptive aggregates in
portland cement concrete [39]. It has been well-established that the use of good quality
aggregate with less than three percent absorption will restrict frost action problems to the

cement paste fraction of the concrete.

Curing and Strength of Concrete

It has been experimentally seen by many researchers that increasing the degree
of hydration decreases the freezable moisture present in the pore structure and increases
the tensile strength of the hydrated cement paste. Thus, it is best to allow adequate time
for curing before the concrete is exposed to repeated cycles of freezing and thawing.

Greater amounts of freezable water are generally found in concretes cured at
elevated temperatures, which is not desirable for concretes that will be exposed to
repeated cycles of freezing and thawing. However, concrete that is allowed to dry and
develop higher tensile strength before being subjected to freezing and thawing is gener-
ally less susceptible to damage than concrete that remains saturated after curing.

Generally, there is a direct relationship between §trength and dufability, but this
does not necessarily hold true when comparing air-entrained and nonair-entrained
concretes. While comparing the strength of a non-air-entrained concrete with an air-
entrained concrete, the former may be higher in strength but the latter will be more frost-
resistant. The incorporation of entrained air produces a reduction in strength, but
increases the concrete durability.

Curing is a function of time, and strength is a function of curing, water-cement
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ratio and several other factors. Strength is expected to increase with an increase in the
curing period due to an increase in hydration products, which also results in a reduction
in freezable water. Thus frost resistance improves with increased favorable curing. The
behavior of mixes with chemical and mineral admixtures related to curing is discussed

in the next chapter.

Water-Cement Rati

The water-cement ratio influences the durability of concrete in several ways and
air entrainment alone cannot ensure the durability of concrete. A low ratio imparts
greater strength that can withstand the tensile stress developed by the hydraulic pressure
or ice accretion in a much better way. This also increases the impermeability of the
cement matrix and reduces the chances of for accumulating freezable moisture because
it takes a longer time to reach critical saturation [2,30,39,47]. Since the freezable water
resides in large pores, it is hypothesized that, at a given freezing temperature, the amount
of freezable water will be larger with a high water-cement ratio and at early stages of
curing. The experiment data of Verbeck and Klieger [48] shown in figure 2.6 confirmed
this hypothesis. Wood [49] estimated that if a water-cement ratio below 0.42 (by weight)
is used in concrete, the small number of capillaries in the paste would not be vulnerable
to freezing and thawing. But Powers [28] has shown that even where there are fewer
capillaries in the portland cement paste, they must be protected by air voids, otherwise
the development of hydraulic pressures in existing capillaries, although not as extensive

as in the paste of higher W/C, would be sufficient to cause dilation.
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Figure 2.6. Influence of water-cement ratio and air content on durability of concrete
to frost action [2,48].

(a) The amount of freezable water in concrete, with a given water-
cement ratio, increases with decrease in temperature.

(b) High durability shown as combination of low water-cement ratio and
increase in air-entrainment.
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The US Bureau of Reclamation [50] showed that high quality concrete (low water-

cement ratio) produces more durable concrete with air entrainment than low quality
(high W/C) air-entrained concrete. But the improvement in durability due to air
entrainment is of far greater magnitude than that experienced by reducing the water-
cement ratio. A decrease of W/C from 6.5 to 5 gallons per sack may increase the
durability of concrete by 100 percent, whereas air entrainment of the same concrete by
five percent, may increase the frost resistance by 1000 percent [51].

Considering the above, the typical values of the curing period and water-cement
or cementitious ratios, which are functions of strength, need to be evaluated with respect

to the freeze-thaw durability of PCC.
2.3 Air Void Parameters
2.3.1 General

The greatest single factor affecting the durability of concrete in freezing and
thawing is the presence of a well-distributed air void system in the paste [39]. Since the
discovery of air entrainment, continuous efforts have been made to quantitatively
characterize the air void parameters that are indicative of a frost-resistant concrete [52].
It was determined after early studies that air content alone was not enough to be
indicative of the concrete durability. In addition to the air volume, the sizes of air voids
and their distributions were also studied. It was considered necessary to expand on the

air void characterization so that a clear, accurate picture of the internal composition of
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concrete was available. Although some researchers have studied additional parameters,
the most widely accepted air void system parameters for reliable prediction of durability
are: air content, specific surface, spacing factor, and void frequency. These parameters
are determined after microscopic analysis of a specially prepared specimen of the
concrete according to ASTM C 457-90 [53], which will be discussed in the following

paragraphs.

2.3.2 Air Void Content (A)

Air void content is defined [53] as "the proportional volume of air voids in
concrete expressed as volume percent of the hardened concrete." Typically, air contents
between three and six percent of the volume of concrete are considered satisfactory for
producing a frost-resistant concrete [54]. The production of the desired air content is also
affected by other factors, such as dosage and type of air entraining agent, degree of
consolidation, water-cement ratio, and the use of chemical or mineral admixtures.

As mentioned earlier, the incorporation of entrained air adversely affects strength,
which may not be desirable. On the whole, it is desirable to use the minimum air content

necessary to produce a durable concrete [55].

2.3.3 Specific Surface (SS)

The specific surface is defined [53] as "the surface area of the air voids divided

by their volume, expressed in compatible units so that the unit of the specific surface is




34
reciprocal length."”

When other conditions are kept constant, the specific surface decreases very
quickly with an increase in the water-cement ratio because the average void size
increases. It is also obvious that, as the proportion of small bubbles in given volume of
air increases, the specific surface will also increase. Bruere [S5] indicates that a high
specific surface allows the production of frost-resistant concrete with low air contents,
since the spacing factor is inversely proportional to the air content and surface area of
the bubbles. Moreover, at equal air contents, the safety margin against rapid freezing and
variations in surface area due to variable mixing, mixtures, or materials will be greater
for a concrete with higher specific surface.

There have been a number of recommended ranges for the production of frost-
resistant concrete. Powers, for example, initially suggested a range of 300 to 800 in%/in®,
whereas Mielenz et al. stated that values of specific surface may be expected between
600 to 1100 in%/in®. Most authorities now recommend that specific surface should not be

less than 600 in*in® (24 mm?/mm®) [47,56].

2.3.4 Void Frequency (n)

Void frequency is defined as "Voids per unit length of traverse; the number of
air voids intercepted by a traverse line divided by the length of that line." It is a critical
parameter in determining the specific surface and the spacing factor. If other conditions
are kept constant, the void frequency decreases rapidly with increase in water-cement

ratio. American Concrete Institute (ACI) guidelines recommend that the void frequency
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(voids per unit length) should be considerably greater than the air content.
2.3.5 Spacing Factor (SF)

The spacing factor is often believed to be the most important indicator of concrete
durability with respect to freezing and thawing. It is defined [53] as "an index related to
the maximum distance of any point in the cement paste from the periphery of an air void,
in millimeters or inches.” This distance must be small enough to allow the unfrozen
water, expelled from a capillary under freezing conditions, to reach a "protective" air
void. Klieger [8] added that "if this distance is relatively large, water moving through
the paste during freezing may develop pressures sufficient to cause failure before the
water can reach an air void." Therefore, the smaller the spacing factor, the more durable
will be the concrete.

Powers initially estimated that a spacing factor of 0.01 in. (0.254 mm) or less was
required to produce a frost-resistant concrete [28]. Mielenz et al. recommended that
spacing factor should be limited to 0.006 to 0.008 in. (0.15 to 0.20 mm) for extreme
exposure. Many specifications today [3,53] recommend a value of 0.008 in. (0.20 mm)
or less for durable concrete subjected to moderate exposure, although somewhat larger
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