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This work will encompass the factors affecting the frost- 
resistance of concrete and also the supposed theories for 
frost attack. Effects of mineral by-products; ground 
granulated blast-furnace slag, pulverized coal fly ash and 
condensed silica fume, on the functioning of air-entraining 
agents, stability of air-entrainment, rate of hydration, 
pore structure of hardened cement paste, chloride diffusion 
in hardened paste and the ageing of concrete are specially 
studied. Also, test results of the frost-resistance of 
concrete, containing mineral by-products, presented in 
previous articles are discussed.

The aim of the experiments is to examine the effects of 
mineral by-products on the frost-resistance of concrete. 
In the first test series, the effects of slag, fly ash and 
silica on the frost-resistance of the most common ready- 
mixed concrete, with a compressive strength of 35 MPa, are 
studied. In the second test series, effects of silica on 
the salt-scaling resistance of concrete in a strength range 
of 45... 55 MPa is studied. Here, the durability problems of 
edge beams of bridges are considered. The test methods used 
to evaluate frost-resistance are protective pore ratio, 
dilation index, salt-scaling test, optical pore analysis, 
critical degree of saturation and freeze-thaw test. The 
effects of ageing of slag and silica concrete on the salt
scaling resistance are studied in the field tests of actual 
structures.

According to this study, addition of silica can substan
tially improve the salt-scaling resistance of concrete. 
The frost-resistance of concrete is not affected by the 
use of slag or fly ash, when the air content and the 
strength of concrete are kept constant. The ageing of slag 
or silica concrete under actual outdoor conditions does not 
seem to influence the salt-scaling resistance of concrete. 
However, this phenomenon has to be studied in still more 
detail.

Keywords : Concrete, durability, frost, by-products, slag, 
fly ash, silica
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Tutkimuksessa käsitellään betonin pakkasenkestävyyteen 
vaikuttavia tekijöitä ja esitettyjä teorioita betonin 
vaurioitumismekanismeista. Erityisesti tarkastellaan mine
raalisten seosaineiden; masuunikuonajauheen, lentotuhkan ja 
silikan vaikutuksia huokostimen toimintaan, huokostuksen 
pysyvyyteen, hydratoitumisnopeuteen, kovettuneen sementti- 
kiven huokosrakenteeseen ja kloridien läpäisevyyteen sekä 
betonin vanhenemiseen. Seosainebetonien pakkasenkestä
vyydestä kirjallisuudessa esitettyjä tutkimustuloksia 
arvioidaan.
Kokeellisen osan tavoitteena on selvittää seosaineiden 
vaikutus betonin pakkasenkestävyyteen. Laboratoriokokei
den ensimmäisessä vaiheessa tutkitaan masuunikuonaj auheen, 
lentotuhkan ja silikan vaikutusta tavallisimman valmis- 
betonin K30 pakkasenkestävyyteen. Toisessa koesarjassa 
tutkitaan silikan vaikutusta K40...K50 betonin pakkas- 
suolakestävyyteen. Tavoitteena tässä osassa on erityisesti 
siltojen reunapalkkien säilyvyyden parantaminen. Käytettyjä 
pakkasenkestävyyden testausmenetelmiä ovat suojahuokos- 
suhde, j äätymislaaj enema, pakkassuolakoe, optinen huokos- 
analyysi, kriittinen kyllästysaste ja jäädytys-sulatuskoe. 
Kenttäkokeilla selvitetään vanhenemisen vaikutusta masuuni- 
kuona- ja silikabetonin pakkassuolakestävyyteen käytännön 
rakenteissa.

Tutkimuksen mukaan silikan lisäyksellä voidaan merkittä
västi parantaa betonin pakkasuolakestävyyttä. Masuunikuo
na jauheen tai lentotuhkan käyttö ei muuta betonin pak
kasenkestävyyttä edellyttäen, että betonin ilmamäärä ja 
lujuus ovat samat kuin vertailubetonin. Betonin van
heneminen ei näyttäisi vaikuttavan masuunikuona- tai 
silikabetonin pakkassuolakestävyyteen käytännön olosuh
teissa, mutta tätä tulisi vielä tutkia laajemmin.

Avainsanat: Betoni, säilyvyys, pakkanen, seosaineet,
masuunikuona, lentotuhka, silika
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INTRODUCTION

Concrete is usually a very durable material. However, it can be 
damaged in various ways when used in an aggressive environment, 
by wear or under severe climatic conditions. In the Nordic 
countries freezing and thawing is a very usual condition because 
all concrete outside is exposed to temperature changes. Bridges, 
roads, stockyards etc are also often kept free from ice by using 
deicing chemicals which increase the attack on concrete.

Concrete can be damaged by freezing and thawing at different 
ages. Early freezing occurs if concrete is allowed to freeze 
soon after casting, when its strength is still insufficient to 
resist the stresses caused by freezing and expanding water. In 
this case, one freezing cycle is enough to damage the structure 
of hardening cement paste completely. Repeated freezing and 
thawing can damage also hardened, well cured concrete if the 
concrete is wet. This damage occurs mostly as surface scaling of 
the concrete but it can also include damage in the interior of 
concrete. In this study only the frost-resistance of hardened 
concrete is discussed.

Mineral by-products can influence the frost-resistance of 
hardened concrete by affecting the functioning of air- 
entraining agents, by altering the stability of entrained air, 
by changing the rate of strength development, by affecting the 
pore structure of hardened cement paste and, in the case of 
deicing salts, by reducing the chloride permeability of the 
concrete. The effects of condensed silica fume, ground 
granulated blast furnace slag and pulverized coal fly ash have 
been studied by laboratory and field tests. The first laboratory 
test series investigated normal concrete with a binder amount of 
about 300 kg/m3 and a 28-day strength of about 35 MPa. The second 
laboratory test series aimed at a very good frost-resistance of 
concrete under the influence of deicing agents. In this series, 
silica fume and a superplasticizer were used together with an 
air-entraining agent. The possible effects of ageing on the 
frost-resistance of slag and silica concretes were also studied 
under field conditions over a period of 5 to 7 years.
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1 FROST-RESISTANCE OF CONCRETE 

1.1 Scope of the study

The frost-resistance of concrete refers to the ability of 
hardened concrete to withstand repeated freezing and thawing 
cycles without damage. In this study, the freezing of fresh 
or green concrete is not dealt with, nor requirements 
related to this phenomenon.

When concrete of poor frost-resistance is affected by 
freezing and thawing, damage will gradually occur. This 
damage is due to pressures generated by the freezing water 
in the pore structure of concrete. To be able to consider 
the mechanism of frost attack and the effects that mineral 
by-products might have on frost-resistance, one has to know 
the properties of water, the structure of hardened cement 
paste, functioning of air-entraining agents and factors that 
are influenced by mineral by-products.

1.2 Water

A water molecule has in many respects special properties and 
its behaviour differs from most gases, liquids and solids. 
One oxygen atom builds covalent bonding with two hydrogen 
atoms to form a tetrahedral water molecule. The molecule is 
very small with an effective diameter of about 3.5 Å and a 
volume of about 30 Å3 in the liquid phase. This is why water 
can penetrate into very small pores and cracks.

A water molecule is strongly polarized and has a relatively 
strong electrical field around it. That is why water is 
easily adsorbed by most adsorbents. This polarization also 
makes it possible to electrostatically bond other strongly 
negative atoms to the hydrogen atoms of water. Such bonding 
happens even with oxygen atoms of other water molecules. 
This hydrogen bonding is so strong that water molecules are 
held together even in high temperatures where other 
molecules within the same order of size already disintegrate 
because of thermal movement /1/.

Water has the highest specific heat of all known materials. 
Relatively high melting and cooking temperatures are also
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due to strong forces between molecules. The surface tension 
of water is also the highest of all liquids excluding quick 
silver.

In ice, oxygen atoms are situated in the centres of 
tetrahedra, formed by four oxygen atoms. Water molecules are 
bonded to the four nearest molecules with hydrogen bonding. 
This way, an open crystal structure consisting of hexagonal 
rings is formed. Between these rings, empty space is formed 
and this way the density of ice is low. Ice can, however, 
occur in other forms if under higher pressure. The structure 
here is less regular and results in higher density in the 
order of 1170 kg/m3 /1/.

When ice melts, water molecules are loosened from the 
crystal and they occupy the empty space between the 
hexagonal rings. This results in decrease of volume or 
increase of density. This phenomenon, that the density of a 
solid is less than that of a liquid, is only met with a 
couple of other materials. The density of water is highest 
at a temperature of about +4°C and decreases both with rising 
and falling temperature.

Water can be bonded to materials in many different physical 
and chemical ways. The properties of water can be changed 
entirely by bonding to a solid material. Hardened portland 
cement paste includes hydrate water and pore water. The 
deviation between these two types is, however, difficult and 
different opinions exist as to how this deviation should be 
done. Powers and Brownyard have divided the total water 
amount into three categories: 1. structurally bound water, 
2. adsorbed water and 3. capillary water. When considering 
frost-resistance of concrete, researchers have often divided 
the total water amount into two categories: 1. non-freezable 
water and 2. freezable water. Here the first category 
includes water, which is either chemically or physically, so 
strongly bonded to cement paste, that freezing is not 
possible. This deviation is, however, not exact because the 
amount of freezable water depends also on the freezing 
temperature.
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1.3 Structure of hardened cement paste

Since the chemical reactions of Portland cement with water 
are responsible for the setting and hardening of mortar and 
concrete, the underlying chemistry should be investigated 
and described in order to understand these processes. 
However, this is not an easy task because cement is a 
complex mixture of numerous compounds. The hydration of 
tricalsium silicate (C3S) , dicalsium silicate (C2S) , 
tricalsium alumínate (C3A) and the ferrite phase (C4AF) have 
been investigated separately and also interactions between 
the individual hydrating components have been studied. 
However, an universally accepted view of hydration still 
awaits formulation /2/.

The properties of concrete can often be predicted from its 
components using simple composite theories. Hardened cement 
paste, which is the binding matrix, is itself a composite 
material whose properties ultimately depend on the 
properties of its components, and their relationship to each 
other. The paste is a porous material, whose solid matrix is 
an intimate mixture of hydration products, both crystalline 
and amorphous. The predominant constituent of the paste is 
the cement, or tobermorite, gel (C-S-H), which occupies 
about 50% of the volume. Calcium hydroxide (CH) and 
monosulphoaluminate(ferrite) (AFm) take up about 12% and 13% 
of the paste volume, respectively. The rest, about 25%, is 
pores of different sizes. The fractions above are given for 
Portland cement paste with a water/cement ratio of 0.5 /2/.

Many different structure models have been suggested for C- 
S-H. Powers and Brunauer considered C-S-H to be colloidal 
particles made up of two or three layers containing Si02, 
CaO, and OH—, separated by pore spaces of different 
dimensions bonded together as in clay, but without 
sufficient long-range order to consider the material 
crystalline (Figure 1.). The characteristic porosity of the 
fully hydrated C-S-H is about 28% and the average diameter 
of the pores involved is about 150 nm. In addition, there 
are much larger capillary pores, which are those portions of 
the space originally filled by the mixing water that are not 
filled by the hydration products /2/.
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Figure 1.Structure of hardened cement paste according to Powers. 
Spaces marked C represent capillary pores.

о о О J

Figure 2.Structure of hydrated cement paste according to Feldman 
and Sereda.
A. Interparticle bonds
B. Tobermorite sheets
X. Interlayer hydrate water 
о. Physically adsorbed water
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Feldman and Sereda modelled the structure of C-S-H as 
consisting of an irregular array of single layers, which may 
come close enough together randomly to create some region of 
interlayer space (Figure 2. ) . These layers are bonded 
through solid-solid contacts. These contacts could form on 
drying, and would be disrupted on wetting /2/.

composition of hardened cement paste
degree of hydration <X = 1,0

air voids

capillary water
- unhydrated 

cement

cement gel

w/c ratio
Figure 3. Parts by volume of the respective components of
hardened cement paste as a function of water/cement ratio, 100 
per cent hydration.

The total porosity of hardened cement paste depends on the 
water/cement ratio and the degree of hydration. When cement 
is considered fully hydrated, capillary pores exist in 
cement paste if water cement ratio exceeds 0.40. Rüsh has 
presented a mathematical interpretation of the relation 
between the parts by volume of the respective components of 
hardened cement paste, water/cement ratio and degree of 
hydration /3/. Figure 3. shows that increasing the 
water/cement ratio above 0.40 causes increasing amounts of 
capillary pores. In practice, the hydration is never 
completed and therefore capillary porosity exists also when 
the water/cement ratio is lower than 0.40.
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1.4 Air-entraining agents

Air-entraining agents are organic materials, usually in 
solution form, which when added to the mixing water of 
concrete, entrain a controlled quantity of air in uniformly 
dispersed microscopic bubbles. There are three major reasons 
for intentionally entraining air into concrete: durability, 
cohesion and density. Here, only the matters pertaining to
durability are considered.

*

During the 1930s, it was observed that certain stretches of 
road in the north-east states of America were more able to 
withstand the effects of freeze-thaw conditions and the 
presence of deicing salts, than other roads in the area. It 
was concluded that beef tallow, which was used as a grinding 
aid in some cement factories, had functioned as an air- 
entraining agent and had enhanced the durability of the 
concrete. This led to more investigation and the effect of 
the entrainment of a minor amount (4 to 6% by volume) of air 
was found to be remarkable on the ability of concrete to 
withstand freeze-thaw cycles /4/.

Previous literature describes many different chemical 
surfactants as suitable for the formulation of air- 
entraining agents for concrete. Commercial air-entraining 
agents are predominantly anionic surfactants which, on 
addition to cement pastes, are adsorbed on to the cement 
particles with their polar groups oriented towards the 
particles. This sheath is of limited solubility and only a 
minor, but finite, proportion remains in solution as calcium 
salt.

The weak surfactant solution forms bubbles on agitation in 
the aqueous phase, which are stabilized as microscopic 
spheres from coalescing into large bubbles, by the 
orientation of insoluble surfactant across the air/liquid 
interface and by adhering to the hydrophobic surface created 
on the cement particle by the adsorbed surfactant.
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C = cement 
A = air 
W= water

Figure 4. The interaction between cement, air, water and 
molecules of air-entraining agent.

The bubbles are less than 0.25 mm in diameter and probably 
do not exist in the fresh paste with diameter less then 10 
дт because the high pressure present in such small bubbles 
would cause the air to be dissolved.

Air-entraining agents are used to increase the air content 
of fresh concrete. The amount of entrained air depends on 
the dosage of the agent used, mixing time and efficiency of 
the mixer, cement fineness, cement content and alkali 
content of the cement, workability and temperature of the 
concrete, the type and content of the aggregate used, the 
amount and properties of fine fillers and pozzolans and 
possible other admixtures, especially water-reducing agents 
/4/.

Following the removal of the concrete from the mixer, 
subseguent transport, handling and placing technigues can 
cause reductions in the air content and in the air void 
characteristics. Losses during handling and transport are 
usually less than 0.5% of the concrete volume. Losses of 
entrained air on vibrating placed concrete can be
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considerable. The void size distribution is here also 
altered as the vibration mainly removes the larger voids.

The presence of entrained air results in an increase in the 
workability of concrete. This can be made use of by reducing 
the water content by 5 to 15%. Increasing the air content 
makes the concrete more cohesive and allows a reduction in 
the quantity of fine aggregate, without increasing the 
tendency to segregate. Bleeding is also reduced by air- 
entrainment.

It has always been assumed that the entrainment of air in 
concrete leads to a considerable reduction in compressive 
strength. However, because of mix design changes made 
possible by the presence of the air bubbles, concretes 
containing 3 to 6% by volume of air and at a constant cement 
content within the range of 200 to 400 kg/m3, will have only 
slight losses in strength. The 28-day strength can be 
predicted when using (water + air)/cement ratio instead of 
the usual water/cement ratio.

The main purpose of using air-entraining agents is to 
improve the resistance of hardened concrete to freezing and 
thawing. Other durability effects have not been widely 
researched, but resistance to corrosive liquids is reported 
to be better because of reduced permeability of air- 
entrained concrete /4/.

1.5 Absorption of water into cement paste

When a porous material is surrounded by air of a certain 
relative humidity and temperature, it will, after some time 
be in an equilibrium with the surrounding air. Here, the 
partial pressure and temperature of water in the pore 
structure of the material equal those in the surrounding 
air. The moisture content of the pore structure of concrete 
depends thus on the exposure conditions of the concrete. The 
actual water amount depends, however, also on the history of 
concrete. If the concrete has been drying out, the moisture 
content is larger than in the case of wetting, although the 
temperature and relative humidity are the same. This 
hysteresis can be explained by the geometry of the pores 
/1/. Water molecules are bonded to the material surface by
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adsorption in monomolecular layers. The number of layers 
depends on the relative humidity in the air next to the 
surface. Up to about a hundred layers of molecules can by 
bonded to the material.

In very low humidities, only one or two layers of water are 
adsorbed on the pore surfaces. When the relative humidity of 
the surrounding air rises, the smallest pores with the 
largest surface area and thus the greatest capillary suction 
capacity become saturated first. While more layers of water 
molecules are bonded to the material surface, as the 
relative humidity continues rising, surfaces, which can be 
looked upon as free water, are gradually formed. It has been 
claimed that when more than a couple of layers are adsorbed 
the properties of the adsorbed water are nearly the same as 
in liquid form. This way, curved water surfaces are 
gradually formed in fine pores and narrow cracks. According 
to the theory of capillary condensation, water vapour then 
condenses to these curved water surfaces. The biggest pores 
in cement paste have a small capillary capacity and they do 
not get filled with water due to capillary suction, even 
when the concrete is immersed in water. The only way they 
can become water saturated, is through the dissolving of air 
from the pores into surrounding water in the capillaries.

In the case of the wetting of concrete surfaces, due to 
rain, splash water etc., water transport mechanisms are a 
major influence. Owing to capillary suction, saturation will 
be quickly achieved. The height of capillary rise in 
vertical capillaries is determined by an equilibrium between 
the binding surface forces and the weight of the water 
column in the capillary and it can be calculated from H = 
15/r [mm], where r is the radius of the capillary [mm] /7/. 
As far as suction in a horizontal direction is concerned, 
the depth of penetration will primarily depend on an excess 
of water at the concrete surface and on the duration of this 
situation. Water is absorbed by the concrete through 
capillary suction at a considerably higher rate than it is 
disposed of by evaporation.

When concrete is continuously immersed in water, large 
quantities of water can be transported. The penetration of 
water will first take place by capillary suction, possibly
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accelerated by an increased hydraulic pressure. A continuous 
transport of water will develop when water is allowed to 
evaporate at the concrete surfaces exposed to air.

Concrete contains many different salts, for example Ca(OH)2, 
NaOH and KOH. These salts are water soluble and thus 
influence water absorption. When salts are present in the 
water solution, they reduce the partial vapor pressure of 
water. This way, an osmotic pressure can also develop and 
influence the water amount which is present in cement paste.

The absorption and desorption isotherms show the moisture 
content in the pore system in various relative humidities. 
The moisture content can be expressed in proportion to the 
weight or volume of the concrete, the cement content or the 
porosity. The pore size distribution and the specific 
surface area can be estimated from the sorption isotherms. 
Also a comparison between the sorption isotherms for two 
concrete qualities may indicate differences in their 
behaviour under freezing and thawing /5/.

1.6 Freezing of water in a porous system

When water is absorbed into the pore structure of a 
material, surface interaction disturbs the freezing behavior 
of water. The first layers of water, adsorped to the pore 
surfaces, have a lower potential energy level than that of 
free water. Condensed pore water cannot freeze before its 
potential energy is equal to that of ice. For this reason, 
we observe a depression of the freezing point in the pores. 
The freezing point is reduced already in pores with a radius 
under 100 nm. In pores with a radius between 3 and 10 nm 
water freezes around -40°C and in still smaller pores it is 
questionable if any phase transition can happen. For frost 
mechanisms it is essential, that only about 30% of the 
physically bound water in concrete freezes at temperatures 
down to -20°C /6/ and only about 2/3 of the pore water will 
be frozen at -60°C /7/.
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1.7 Mechanism of frost attack

There are three often quoted mechanisms for the 
disintegration of water filled porous materials in freezing. 
These are:

1. Hydraulic pressure theory presented by Powers. This 
theory was first proposed to explain the empirically 
observed beneficial effect of entrained air on the frost- 
resistance of concrete pavements. The initial proposition 
was that ice forms in the larger water filled capillaries of 
cement paste. During this ice formation, a part of the 
capillary water is forced to move through narrow water 
filled channels to air bubbles or outside surfaces. Water 
in the capillary pores will be under a hydraulic pressure, 
depending on the rate of ice formation and the rate at which 
water can escape from the capillaries. If this hydraulic 
pressure becomes higher than the tensile strength of the 
paste, there will be failure. This theory has later been 
modified by treating the capillary ice as micro ice lenses 
and the moisture movement to the micro ice lenses to be 
diffusion controlled. Subsequently, also osmotic pressure 
has been added to the two pressures above. Ice formation 
raises the solute concentration of water in the capillary 
pores above that contained in the surrounding matrix and 
thereby setting up an osmotic pressure .

2. Mechanism of ice-lens formation. This theory was first 
proposed to explain frost heaving action in soils. This 
mechanism assumes the existence of at least one sufficiently 
large water filled cavity in a wet porous matrix. Due to 
difference in pore sizes, water in large cavities freezes 
near to 0°C, but water in finer pores needs considerable 
super-cooling before freezing. Ice in the cavity cannot 
penetrate into narrow pores but grows in size drawing super
cooled water from the fine pores. During this growth, a 
tensile stress is exerted on to the matrix. If this stress 
is higher than the tensile strength of the matrix, failure 
will occur.

3. Hindered movement mechanism presented by Litvan. Here, it 
is assumed that in a vulnerable matrix a large part of its 
porosity is so fine, that water cannot freeze locally and
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has to move to wider spaces before freezing. If this 
movement is hindered pressure will be caused and expansion 
occurs.

It has been found out that none of the above theories fully 
describe the behaviour of the freezing water in concrete. 
Chatterji has recently introduced a theory of ice layer 
formation on the pore surfaces. These ice layers would form 
initially when freezing occurs and act as barriers between 
empty pores and freezing solution. On further cooling these 
ice layers would thicken at the expense of the capillary 
water. However, the thickening of these ice layers produces 
a peripheral compressive stress in the ice-layers and 
thereby limits their growth. Any further freezing will 
generate a bursting pressure in the remaining solution as 
happens in the case of freezing water in partly filled 
containers /8/.

Bjegovic et al. /10/ have studied the theoretical aspects of 
frost-resistance of concrete and they have concluded that 
concrete damage occurs because of hydraulic pressure 
appearing when water in the pores freezes and increases its 
volume, osmotic pressure, capillary effect, pressure 
appearing in concrete pores due to salt crystallization 
above definite salt concentration, different thermal 
contraction of the constituents, temperature gradient (or 
temperature shock) and chemical action of deicing salts.

Owing to the fact that different pressures will be generated 
during cooling of the concrete and freezing of the water, a 
sufficient quantity of pores not filled with water have to 
be available for the freezing water to penetrate into. These 
pores also have to be reasonably near to each other, so that 
the freezing water has in each case only a short distance to 
the nearest pore. This being the case, the freezing 
pressures will be limited, thus preventing damage by frost. 
The lowest amount of water, which still can cause frost 
damage, is defined as the critical degree of saturation. In 
case of a closed vessel the air volume must be so large that 
the ice formation does not cause any deformation on the 
vessel. Here the critical degree of saturation is 0.917 /9/. 
In concrete, the critical degree of saturation will depend
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on the permeability of concrete the more permeable concrete 
giving higher values for critical degree of saturation /9/.

1.8 Effects of deicing agents on frost-resistance

The application of deicing agents to a concrete surface 
covered with ice, will cause a substantial drop in the 
temperature at the concrete surface, during the thawing of 
ice. This temperature shock develops a temperature 
differential, between the surface area and the interior of 
the concrete. This differential gives rise to internal 
stresses likely to induce cracking in the region of the 
outer layer of the concrete. Another significant change, is 
a change in freezing behaviour of the pore water due to 
deicing agents. As described earlier, the freezing point of 
water is lower when the pore radius is smaller. The 
diffusion processes in the pore water will further cause the 
content of deicing agents in the pore water to be reduced, 
with reducing radius. This will lead to a less noticeable 
dependence of the freezing point on the pore radius. 
Moreover, the content of deicing agents will decrease, with 
increasing distance from the surface of the concrete. The 
result of these effects is that in the region of larger 
pores as well as in greater depths, water will freeze within 
a range of equal temperatures, which causes the 
redistribution of water to be considerably reduced. As a 
consequence, it may happen that certain layers of concrete 
suffer freezing at different times leaving an unfrozen layer 
in between two frozen layers. When temperature then drops 
further also this layer will freeze causing scaling of the 
surface layer /7/,/10/. Thus, any frost attack in the 
presence of deicing agents is definitely more severe than 
frost attack without the action of deicing agents.

1.9 Discussion and conclusions

Water plays an important part in all the deterioration 
processes of concrete. Water can penetrate into very small 
pores and a couple of water molecule layers will be firmly 
adsorbed to the pore surfaces. This firm adsorption together 
with the pore structure of hydrated cement paste, is the 
reason why only about 30% of the total water content 
absorbed in the concrete can freeze in temperatures down to
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-20°C. The actual amount of freezable water will depend on 
the pore structure of the concrete. A refinement of the pore 
structure will lead to a decrease in the amount freezable 
water. However, this will also lead to a decrease in 
permeability of cement paste, thus slowing down the drying 
of concrete and resulting in a higher moisture content in 
equilibrium with the surrounding air.

There are many supposed mechanisms for frost attack on 
concrete. It seems clear that none of them fully describe 
the processes involved. The hydraulic pressure theory leads 
to a critical saturation factor of 0.917 for a closed 
vessel. When only about 3 0% of the water absorbed by the 
concrete can freeze, this should lead us to a critical 
saturation factor of 0.975 for concrete. However, actual 
measured values are much lower, ranging from 0.80 to 0.95. 
This can only be explained by the fact that other pressures 
are also induced by the freezing water. Other pressures 
arise from the capillary growth of ice crystals, osmotic 
pressure, hindered movement of freezing water and possible 
crystallizing of salts into the pore structure of concrete. 
In concrete structures temperature differences and 
temperature shocks play an important role in the deteorating 
process of concrete.

In order to reduce pressures caused by the freezing of water 
and to prevent frost damage, a certain amount of air filled 
pores are needed. Such pores can be obtained by using 
air-entraining agents. The pores should be evenly 
distributed throughout the cement paste so that the freezing 
water has in every case only a short distance to the nearest 
air filled pore. If the distance between pores is too large, 
the pressures generated by the freezing water will exceed 
the tensile strength of cement paste and local failure will 
occur.

Although the mechanism of frost attack is not fully 
explained and several types of pressure can be considered to 
act on cement paste while freezing of wet concrete occurs, 
it is evident that concrete can tolerate repeated freezing 
and thawing cycles better, when the freezable water content 
is kept to a minimum. To be able to do that, the amount of 
capillary porosity has to be minimized by using a low
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water/cement-ratio. Also, if the concrete can be kept dry 
enough i.e. less than critically saturated at all points of 
the structure, it will withstand freezing perfectly.
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2 MINERAL BY-PRODUCTS USED IN CONCRETE AS BINDERS

2.1 General

Before the invention of portland cement in 1824, natural 
pozzolans were in use throughout the world in pozzolan-lime 
mortars and concretes. After portland cement came available, 
the use of pozzolan-lime mixtures for cementitious purposes 
declined gradually because of their relatively slow setting 
and hardening characteristics /11/.

The use of mineral by-products in concrete has increased 
considerably during the last ten years. In the Nordic 
countries they are used both by the cement and concrete 
plants. The use of these pozzolanic or latently hydraulic 
materials contributes to the solving, partly at least, of 
disposal problems of the by-products and to energy 
conservation, because the manufacturing of portland cement 
is a very energy intensive process. In this study, the use 
of ground granulated blast-furnace slag, pulverized coal fly 
ash and condensed silica fume is covered.

Ground granulated blast-furnace slag is a processed by
product of iron production. Iron ore is introduced to the 
blast-furnace together with fluxing stone (limestone or 
dolomite) and coke and they are heated to melt the raw 
materials. The slag results from the fusing of fluxing stone 
together with the siliceous and aluminous residues from the 
iron ore. Molten iron and slag are drawn off at regular 
intervals from the continuous-process furnace. Because the 
raw material burden is carefully controlled to give 
consistent iron production, the range of slag chemical 
compositions is fairly narrow. The crystalline compounds 
found in devitrified slag are mainly melilite solid solution 
series, with end members akermanite and gehlinite with 
lesser amounts of monticellite, diopside, merwinite and 
others /12/. The molten slag can be cooled down using 
different methods. If the slag is cooled slowly in open air 
it crystallizes and so called air-cooled slag is obtained. 
This can be broken up and crushed for use as aggregate or 
granular base. Pelletized slag is produced expanding the 
molten slag under water sprays, and then by passing the flow 
of this pyroplastic material over a spinning drum. On the
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drum are mounted fins, which break up the slag and fling it 
in the air for a sufficient time that surface tension forms 
pellets. These pellets can be used as a satisfactory 
lightweight aggregate or, because of a high degree of 
vitrification, also for making ground slag for cementitious 
purposes. The most commonly used method of quenching slag, 
is by water granulation. The molten slag is usually broken 
up by water jets and it is then immediately immersed in 
water,but several variations are used. This granulated slag 
has a very high degree of vitrification and it can thus be 
used in grinding for cementitious purposes. Before grinding, 
it must be dried because of a high residual moisture 
content. The ground granulated blast-furnace slags (later 
called slag) have usually specific surfaces in the order of 
ordinary portland cement.

Ground slag can be used in concrete in amounts ranging from 
0 to 80% by weight of the total cementitious material 
according to the National Building Code of Finland, Concrete 
Structures. The usual proportions vary between 20 to 50%.

Pulverized coal fly ash (later called fly ash) is a by
product of the combustion of pulverized coal in thermal 
power plants. It is removed by the dust collection system as 
a fine particle residue from the combustion gases before 
they are discharged into the atmosphere. Fly ash particles 
are typically spherical, ranging in diameter from less than 
1 to more than 150 дт, the majority being less than 45 дт. 
The range of particle sizes in any given fly ash is largely 
determined by the type of dust collection equipment used. 
The chemical composition of fly ash is determined by the 
types and relative amounts of incombustible matter in the 
coal used. More than 85% of most fly ashes comprise chemical 
compounds and glasses formed from the elements silicon, 
aluminum, iron, calcium and magnesium. Unburned coal is 
collected with the fly ash as carbon particles, the amount 
being determined by such factors as the rate of combustion, 
air/fuel ratio and degree of pulverization of the coal /13/.

The National Building Code allows concrete producers to use 
fly ash up to 4 0% by weight of the sum of fly ash and 
portland cement. Normal amounts used range between 50 and 
100 kg/m3.
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Condensed silica fume (later called silica) is a by-product 
of the melting process used to produce silicon metal or 
ferrosilicon alloys. When quarts is melted in an open 
furnace, a part of the silica oxide escapes together with 
other combustion gases from the furnace. This gaseous silica 
oxide first oxidizes to silica dioxide and then condenses to 
very fine particles as the temperature of outlet gases is 
lowered. These particles are collected from the outlet gases 
with large and effective filters. Silica, which is used in 
concrete as a binder, comes from the production of silicon 
metal or ferrosilicon alloy containing more than 75% 
silicon. This silica has a Si02-content of 85 to 98%, a mean 
particle size in the range of 0.1 to 0.2 /m, a spherical 
shape and an amorphous structure /14/.

Silica can be used in concrete up to 10% by weight of 
portland cement or up to 8% by weight of standard cement 
according to the National Building Code.

2.2 Effects on fresh concrete

2.2.1 Ground granulated blast-furnace slag

The use of slag as a binder in concrete, results in an 
increased workability of concrete compared with ordinary 
concrete, made with the same proportions. This property is 
propably due to the lack of C3A and gypsum in slag. Improved 
workability can be made use of by reducing the water 
content, so that the desired consistency is maintained. By 
reducing the water/binder ratio this way, the loss in the 
early strength of slag concrete can be reduced.

The incorporation of slag as a replacement for portland 
cement in concrete, normally results in increased setting 
time of concrete. Final setting can be delayed up to several 
hours depending on ambient temperature, concrete temperature 
and mixture proportions. At lower temperatures considerable 
retardation in setting time can be expected. At higher 
temperatures (>30°C) there is little or no change /15/.

The air content of slag concrete is reported to be slightly 
less than in normal concrete /16/,/17/. The dosage
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requirement of an air-entraining agent to entrain a given 
volume of air in slag concrete increases with increasing 
amounts of slag. The rate of loss of entrained air is nearly 
similar for slag and normal concrete /15/.

2.2.2 Pulverized coal fly ash

The small size and the spherical form of fly ash have been 
credited with influencing the rheological properties of 
concretes; this causes a reduction in the water content 
required for a given workability. Advantage can be taken of 
the improved workability, to reduce the amount of water used 
in an ash concrete and yet to maintain the same workability 
as in normal concrete. Concrete containing fly ash is 
generally reported to show reduced segregation and bleeding 
and to be more satisfactory than normal concrete when placed 
by pumping /13/.

The use of fly ash increases the required dosage of an 
air-entraining agent to produce a given air content in fresh 
concrete. The air-entraining agent demand in fly ash 
concrete is generally ascribed to the absorbtion of the 
agent by carbon in the fly ash /13/. Also, the air loss 
increases as the air-entraining agent requirement increases 
/18/.

2.2.3" Condensed silica fume

The influence of silica on the workability of concrete 
depends somewhat on the type of concrete. Generally, the 
addition of silica to a given mixture will lead to a lower 
slump and to a more cohesive mix. The 1 static1 and 'dynamic' 
behaviour of silica concrete do not relate in the same way 
as for normal concrete, i.e., the slump measured does not 
predict the responce to vibration in the usual way. For 
practical purposes it is generally recommended that the 
slump should be 20 to 30 mm higher for a silica concrete to 
obtain the same workability as that for normal concrete.

The major effects of silica on the fresh concrete are to 
increase its cohesiveness and stability. Consequently, 
bleeding is greatly reduced. The silica addition leads to an 
increased water demand. Water-reducing admixtures or
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superplasticizers are necessary to realize the potential of 
silica in practice. The use of such admixtures has a greater 
effect in silica concrete than in normal concrete /14/.

Proper air-entrainment in silica concrete can be obtained as 
easily as in ordinary concrete. The air-void parameters may 
not improve, but will depend on all the factors involved in 
the production of concrete. The stability of air-void 
parameters to handling and vibration of the concrete may be 
improved by silica, but this again depends on the 
proportioning of the mixture /14/.

2.3 Effects on mechanical properties of concrete

2.3.1 Ground granulated blast-furnace slag

The compressive strength development of slag concrete is 
slow, at one to five days compared with normal concrete. 
Between 7 and 28 days the strength approaches that of normal 
concrete and later slag concrete exceeds the strength of 
control concrete. This slow strength development can be 
accelerated by the use of higher temperature and it is 
further emphasized by lower temperatures.

In general, at seven days and beyond, the flexural strength 
of slag concrete is comparable to or greater than the 
corresponding strength of normal concrete /15/. The drying 
shrinkage of slag concrete is higher than that of normal 
concrete. The ultimate drying shrinkage values are reported 
to be on an average about 20% higher than those of normal 
concrete /19/. The modulus of elasticity of slag concrete is 
comparable with that of normal concrete.

2.3.2 Pulverized coal fly ash

Many variables influence the strength development of fly ash 
concrete, the most important being the properties of the fly 
ash, chemical composition, particle size, reactivity and the 
temperature and other curing conditions. In general, the 
strength development of fly ash concrete, which is 
proportioned to the same 28 day strength as normal concrete, 
is going to be a little slower /20/. The rate of reaction of 
fly ash in cement systems is significantly increased by
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temperature. This implies, that it will also be sensitive to 
reduced temperature and it is generally noted that fly ash 
concretes require more attention for curing in cold weather. 
Use of fly ash in normal proportions does not significantly 
influence the drying shrinkage, creep or elastic properties 
of concrete.

2.3.3 Condensed silica fume

Silica can be used to increase the final strength of 
concrete. The cementitious efficiency factor of silica has 
been found to be between 2 to 5 compared with ordinary 
portland cement. This efficiency factor depends on the 
cement and silica contents of the concrete and it is also 
found to vary somewhat with the cement type. It is generally 
necessary to use water-reducing agents in silica concrete, 
because the strength giving potential of silica may 
otherwise be offset by the increased water demand. Because 
the major contribution of silica to strength development 
occurs between 3 to 28 days, silica concrete is vulnerable 
to inadequate curing and its early strength is sligthly 
lower than that of normal concrete.

Tensile and flexural strengths of silica concrete are 
related to compressive strength, in a manner similiar to 
that of normal concrete. However, if silica concrete is 
exposed to drying after only one day of curing, the tensile 
and flexural strengths are reduced more than those of normal 
concrete.

The brittleness of concrete increases with increasing 
strength in a similiar pattern as in normal concrete. Silica 
can be used to improve the bond of concrete to aggregate, to 
reinforcing steel, to various fibres or to old concrete 
/14/.

Silica concrete has the same thermal conductivity as normal 
concrete, but a lower permeability to water vapour. Fire 
exposure tests indicate that silica concrete is more 
vulnerable to spalling than normal concrete. High strength 
silica concrete has superior abrasion, erosion and wear 
resistance properties compared to conventional concrete 
/14/.
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3 MINERAL BY-PRODUCTS AND FROST-RESISTANCE OF CONCRETE

3.1 General

From the above it can be seen that the use of mineral 
by-products as binders in concrete can effect the frost- 
resistance of concrete in several ways. These influences 
include:

1. Interference with the functioning of an air-entraining 
agent. This includes possible effects on the dosage rate of 
an agent and effects on the pore size distribution in 
concrete.

2. Effects on the air stability in fresh concrete.

3. Retardation of the rate of hydration of the binder 
combination. The retardation affects especially the freezing 
of concrete in fresh state or in the early stages of 
hydration.

4. Changes of the pore structure of the hardened cement 
paste. The pore structure will then influence for example, 
the equilibrium moisture content, rate of water absorption 
and desorption, the amount of freezable water etc.

5. Effects on the chloride diffusion of hardened cement 
paste, which can have an influence on the salt-scaling 
resistance of concrete.

6. Influences on the ageing of concrete. These include the 
rate of carbonation and changes in the pore structure due to 
carbonation or wetting and drying etc.

It is evident that different mineral by-products will have 
different effects on the frost-resistance of concrete. The 
effects of slag, fly ash and silica on these properties of 
concrete are discussed in the following sections.

3.2 Interference with an air-entraining agent

Ground granulated blast-furnace slag, pulverized coal fly 
ash and condensed silica fume have all been reported to
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increase the dosage requirement of an air-entraining agent, 
when the air content is to be kept in the same range as in 
normal concrete /21/,/13/,/15/,/14/. The reasons for the 
increase differ for different by-products. The air- 
entrainment of slag concrete is said to be more difficult 
probably because of a higher surface area of the slag 
particles, compared with that of the cement particles /15/.

The higher dosage requirement in fly ash concrete is most 
probably due to the carbon content of the fly ash, but also 
total alkali content, specific gravity and S03 content of 
the fly ash, have been reported to influence the 
effectiveness of the air-entraining agent /13/.

When silica is used in concrete, a water reducing agent is 
also needed. This may be the reason, why the dosage 
requirement of an air-entraining agent is higher in silica 
concrete than in normal concrete. Also, in normal concrete, 
incorporating a water reducer, the need for an increased 
dosage of an air-entraining agent is noticed /14/.

The pore structure of concretes containing mineral 
by-products has not been widely studied. It has normally 
been concluded that the air void parameters of concrete made 
with a mineral by-product are in the range of those of a 
normal concrete with the same amount of entrained air.

3.3 Stability of air-entrainment

The rate of loss of entrained air, is somewhat similar for 
slag concrete and normal concrete. The loss of air from a 
slag concrete can continue for a longer time than in normal 
concrete, because of delayed setting /15/.

In fly ash concrete, the air loss has been noticed to 
increase as the air-entraining admixture requirement 
increases. Further, as the organic matter content of the fly 
ash increase, the air content tends to become unstable /18/.

Silica has been found to decrease the air loss under 
vibration /22/,/23/, but also somewhat greater losses of air 
from silica concrete during handling and placing have been 
reported /24/.
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3.4 Rate of hydration

The rate of hydration of concretes containing mineral 
by-products, is slower than that of normal concrete. Due to 
this slower reaction, concretes made with by-products are 
more vulnerable to frost attack in the early stages of 
hydration. This phenomenon is, however, outside the scope of 
this study.

The hydration of by-products continues longer than the 
hydration of portland cement. This gives concrete a 
potential for improved frost-resistance in the later ages. 
Slag concrete, has an especially large strength potential 
after 28 days, which could mean a higher frost—resistance 
also.

3.5 Pore structure of hardened cement paste

Mineral by-products effect the structure of cement paste in 
different ways. Pozzolanic materials react with the calcium 
hydroxide (CH), formed from the hydration of portland 
cement, and water to form C—S—H—gel. Latently hydraulic slag 
reacts directly with water forming also C-S-H-gel, but this 
reaction can only happen in an alkaline solution. The 
C~S-H-gel formed in these reactions differs somewhat from 
£hat of portland cement. For example, the C/S-ratio is 
normally lower than that of portland cement paste.

The incorporation of slag in cement paste helps in the 
transformation of large pores in the paste into smaller 
pores, thus resulting in decreased permeability of the 
matrix and of the concrete /15/. The exact mechanism by 
which the pore refinement occurs in hydrated slag-cement 
matrix is, however, not fully understood.

The rather limited observations on the permeability and pore 
size distribution of fly ash concrete indicate that the 
transformation of large pores to fine pores, as a 
consequence of the pozzolanic reaction between portland 
cement paste and fly ash, substantially reduce permeability 
in the cementitious system /13/.
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The pore structure of silica paste has been studied by 
Sellevold et al. using water adsorption, mercury penetration 
and low-temperature calorimetry. They concluded that 
increasing silica content at constant water/cement ratio did 
not change the total porosity as measured by water 
adsorption, but rather led to a refinement of the pore 
structure. It was concluded that most of the pore-refinement 
effect was caused by the pozzolanic activity of the silica 
/14/.

The desorption and absorption studies made with silica 
mortars, indicate that silica has a significant effect on 
the pore size distribution and moisture content of concrete. 
The degree of saturation of silica concrete is much higher 
than that of normal concrete if the microclimate is in the 
range of 50-95% rh. Replacement of cement by fly ash up to 
30% has little effect on the degree of saturation and slag 
cements contribute to sorption isotherms approximately the 
same as ordinary portland cement /5/.

3.6 Chloride diffusion

Chlorides may either be introduced into fresh concrete from 
chemical admixtures, or from chloride contaminates, or they 
may penetrate hardened concrete from external sources such 
as deicing salts and sea water. In either case, only some of 
the chloride ions will be available in the pore-water 
solution. The capacity of a concrete to bind chlorides is 
therefore of interest, as well as the resistance it offers 
to the penetration of chlorides.

Concrete made out of slag cement has a higher diffusion 
resistance against chlorides than normal concrete. The 
diffusion coefficient of slag concrete is only about one 
tenth of that of normal portland cement, when 65% of the 
cement is substituted with slag /25/. Also fly ash has been 
reported to decrease the chloride diffusion into concrete, 
but not to such an extent as slag. The diffusion coefficient 
has been reported to be about one third of that of normal 
concrete, when 3 0% replacement of cement with fly ash has 
been done /25/.
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With silica used as an additive, it has been found that the 
diffusion coefficient of the chlorides in the concrete was 
reduced considerably. For example, a concrete with 8% silica 
addition had a chloride diffusion coefficient of about one 
tenth of that of concrete without silica /14/. Silica and 
slag seem to be excellent for producing concrete almost 
impermeable to chloride ion /26/. Pure chloride diffusion 
through cement pastes, cured for more than six months have 
resulted in efficiency factors for silica between 5 and 19, 
depending on the silica quantity and the water/binder ratio 
/38/. Lower factors are indicated in concrete.

3.7 Effects on the ageing of concrete

Earlier, much of the research done concentrated on the 28- 
day strength of hardened concrete and the rheology of fresh 
concrete containing mineral by-products. The effects of 
mineral by-products on the ageing of concrete has lately 
been under much conversation. This is specially true when 
the carbonation of concrete is concerned. Also the effects 
of wetting and drying are nowadays being studied more than 
before.

Slag concrete has usually been reported to carbonate more 
rapidly than normal concrete with the same water/binder 
ratio. At a percentage of 50% slag the carbonation has been 
reported to be 1.5 times as deep as in normal concrete, 
whereas it was twice as deep when the percentage of slag was 
70% /27/. Also Osborne /28/ has found greater carbonation in 
higher slag content cements when the binder amount was kept 
constant (Figure 5.). However, we can see that the binder 
amount also plays a very important role in the depth of 
carbonation.

It has also been reported that uncarbonated concrete resists 
freezing and thawing better than does carbonated concrete 
/29/. Gunter et al. /30/ have also come to the conclusion 
that carbonation in normal concrete may result in a denser 
pore structure, while carbonation of slag concrete results 
in a coarser pore structure (Figure 6. & Figure 7.). 
However, the effect of carbonation is smaller the denser the 
pore structure prior to carbonation i.e. the lower the
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'B' blocks

Figure 5.Effect of slag content on the depth of carbonation of 
concrete.

water/binder ratio and the longer the preceding curing 
period.

Litvan and Meyer /31/ have found out that the carbonation 
rate for slag concrete significantly exceeds that of normal 
concrete and that carbonation increases the permeability of 
slag concrete because the small pores originally present 
become larger.

Fly ash concrete has been reported to either carbonate more 
rapidly or as rapid as normal concrete. There is a lot of 
discussion about the tests made and which test methods are 
relevant and which not. It is clear that there is an inverse 
relationship between the strength of normal concrete and the 
depth of carbonation. In accelerated tests, it has been 
discovered that the fly ash concrete was more readily 
carbonated than the non-fly ash concrete, especially at 
lower strengths (< 30 MPa) /32/. It has also been noticed 
that the depth of carbonation is a function of the 
water/cement ratio rather than water/binder ratio /33/. 
However, when referring to these and other results Berry 
and Malhotra conclude: "In general, it appears that
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Figure 6.Effect of carbonation on the cumulative pore volume of
paste made of slag cement.

non-carbonated

carbonated

Pore Radius [nm]
Figure 7.Effect of carbonation on the cumulative pore structure
of portland cement paste.
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good-quality fly ash concrete is comparable to plain 
concrete in its resistance to carbonation. If concrete is 
placed at a low cement factor, with insufficient curing 
(either lack of moisture or low temperature), it should come 
as no surprise that it is not durable to all forms of 
chemical and physical aggression, including carbonation" 
/13/.

The carbonation rate of fly ash concrete was higher than 
that of normal concrete with approximately equivalent 
workability and compressive strength at 28 days in tests 
made by Lin and Fu /34/. They also concluded that mortars 
with fly ash were less permeable than normal mortar to begin 
with, but they were more permeable after carbonation. Ohga 
and Nagataki /35/ have in their research come to the 
conclusion that fly ash concrete is affected by initial 
curing conditions rather more than normal concrete and the 
carbonation coefficient increases with an increase in the 
replacement ratio of fly ash and air content. However, the 
carbonation depth of concrete with and without fly ash can 
be correlated with the compressive strength of concrete 
cured in water for 28 days. This same conclusion is drawn by 
Kokubu and Nagataki in /36/. Bijen et al /37/ also found a 
useful relation between carbonation depth and compressive 
strength at 28 days and even better after 7 days.

Silica reduces the alkali content of the pore water much 
more than the dilution effect, when it partly replaces 
cement on a 1:1 basis. However, at normal silica contents 
the reduction is far from sufficient to destroy the 
passivity of the steel /14/. The fact that silica concrete 
contains less calcium hydroxide than normal concrete, does 
not necessarily mean that silica concrete is more vulnerable 
to carbonation. Other factors also influence the rate of 
carbonation: curing history, moisture state and C02 diffusion 
rate. It seems that the use of silica will increase 
carbonation at content levels of more than 5% in poorly 
cured, medium- to low-strength concrete /14/. Maage /38/ has 
found efficiency factors for silica upon the carbonation of 
concrete between -1.0 and +2.5 depending on the curing time 
and the concrete strength grade.
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Ageing of slag or fly ash concrete under wetting and drying 
conditions has been little studied. Calorimetric 
determination of ice formation in hardened cement pastes 
with various amounts of silica have been made by Sellevold 
et al. They found out that a control paste with a 
water/cement of 0.6 had a primary freezing peak near 0°C, 
indicating, as expected, poor frost resistance. Addition of 
8% or more silica resulted in an absence of the primary 
freezing peak - the first freezing now taking place around 
-20°C. This behaviour was interpreted as a result of altered 
pore structure in the paste. However, when pastes without 
primary freezing peaks were dried gently (at 58% rh) and 
were resaturated with water, a distinct, primary freezing 
peak appeared - as had also been found to be the case for 
control pastes /39/,/14/. It has been concluded that it is 
evident that an ageing effect is involved with drying and 
resaturation treatment /40/. This is believed to be due to 
an increase in the continuity of the pore system through an 
opening of 'bottle necks'. This effect has, however, been 
found also for normal concrete, which has been dried at 
+105°C and resaturated /41/,/42/.

3.8 Tests for frost-resistance of concrete

Concretes made with different mineral by-products, have been 
tested for frost-resistance in various ways and in various 
countries. However, the results obtained are not consistent. 
This lack of consistency is most likely due to the many 
factors affecting frost-resistance of concrete, many 
different ways of using mineral by-products and many 
differences in testing concrete for frost-resistance. Below, 
a discussion of the tests made with different binders is 
presented.

3.8.1 Ground granulated blast-furnace slag

Malhotra /43/ studied salt-scaling resistance of concrete 
according to ASTM C666. He concludes that regardless of the 
replacement ratio and whether concretes were air-entrained 
or air-entrained and superplasticized, the prisms performed 
excellently in freeze-thaw test. The only exceptions were 
concretes with a water/cementitious-ratio 0.56 and 65% slag. 
The freeze-thaw tests were started at equal ages rather than
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at equal compressive strength, which may give poorer results 
for slag concrete.

Gardner and Sau /44/ experimented the frost-resistance of 
slag concrete cast at 0°C and cured at 0°C in sea water, 
relative to conventionally cast and cured concretes. They 
found out that frost-resistance is reduced when concretes 
are cast and cured in low temperatures. The frost- 
resistance of cold cast and cured slag concrete was 
significantly less than cold cast and cured normal concrete.

Gunter et al. /30/ studied concretes with a cement content 
of 340 kg/m3 made with portland cement or different slag 
cements. Water/cement ratios were varied from 0.40 up to 
0.50 and the compressive strengths at 28 days were between 
39 and 59 MPa. Different curing conditions before beginning 
of freeze-thaw test at the age of 28 up to 91 days were also 
studied. They concluded that air-entrained portland cement 
concretes need only a short duration of curing, resulting in 
a pore structure sufficiently dense to exhibit a high 
resistance to freezing, thawing and deicing salts. Prolonged 
storage in water may reduce durability and carbonation may 
have a positive effect. For concretes made with slag cements 
the required curing time increases with increasing slag 
content. For concretes with a high slag content air- 
entrainment did not result in improved resistance to 
freezing and thawing, and carbonation substantially reduced 
it.

Vesikari /45/ studied the salt-scaling resistance of slag 
and silica concrete and the effects of ageing to it. The 
binder amount was kept constant at 3 50 kg/m3 and the 
water/binder ratio was 0.48. The air content was about 5%. 
The slag content ranged from 0 up to 70% by weight of the 
binder, one test was done with 10% silica replacement and 
one test with a standard cement containing 17% fly ash and 
6% slag interground with the clinker. The reference 
specimens were cured for 7 days in 100% relative humidity 
followed by 21 days in 70% rh. For carbonation specimens the 
70% rh curing was continued up to 200 days. Also, sea water 
treatment was used, where the initial 7 days moist curing 
was followed by 21 days at 70% rh and 30 cycles of sea water 
treatment. Each cycle consisted of 3 days saturation in sea
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water and 4 days drying in air. He found out that 
carbonation increased the salt—scaling resistance of normal 
concrete, had a negliable effect on the fly ash containing 
concrete and decreased the durability of silica and 
specially slag concretes. After sea water treatment, two 
slag concretes disintegrated suddenly after 75 cycles of
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salt-scaling test. Here fly ash and silica concretes showed 
no deleterious effects due to sea water treatment.

Bremner et al /46/ fabricated concrete prisms 305*305*915 mm 
in size and placed them at mid-tide level in the Bay of 
Fundy at the Treat Island marine exposure site. The 
conditions provide about 100 cycles of freezing and thawing 
per year. The concretes had an air content of 6 ± 1% and the 
water/binder ratio ranged from 0.40 to 0.60. In various test 
series slag contents have varied between 0 and 80%, fly ash 
contents have ranged from 0 to 25% and silica replacements 
have been between 0 and 20% by weight of the binder. The 
performance of concretes has been monitored by ultrasonic 
pulse velocity measurements and by visual examination. After 
six to ten years exposure, air entrained concretes show no 
significant degradiation of the mass of concrete but surface 
deterioration is sometimes significant particularly when a 
high water/binder ratio is used together with high levels of 
replacement of ordinary portland cement with supplementary 
materials.

3.8.2 Pulverized coal fly ash

Sturrup et al. /47/ have studied fly ash concrete for 
frost-resistance, both in laboratory and in outdoor exposure 
with the specimen half immersed in water for 22 years. They 
did find an almost linear relationship between the carbon 
content of fly ash and admixture requirement (Figure 9.). 
Also the weight loss in ASTM C666 Prosedure A was found to 
increase when the carbon content increased. They concluded, 
that as long as adequate air contents are obtained, carbon 
content of the fly ash does not adversely affect the 
frost-resistance of concrete. As long as the carbon contents 
are established for each delivery of fly ash, dosage of 
air-entraining agent can be modified easily.

Gebier and Klieger /48/,/49/ studied frost-resistance, both 
with and without deicing agents. The cementitious content 
was 307 kg/m3, fly ash replacement was 25% and nominal air 
content 6%. The curing conditions before testing were also 
varied. The tests indicated that air-entrained concretes 
with or without fly ash that were moist cured at 23°C 
generally showed good frost-resistance. However, when cured
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Figure 9.Effeet of carbon content in concrete to the air- 
entraining agent requirement.

at low temperatures concretes with Class F fly ash showed 
slightly less resistance to freezing and thawing. Also air- 
entrained concretes containing some Class F fly ash and 
cured at low temperatures showed significant weight loss, 
while others performed satisfactorily. Deicer scaling 
resistance tests showed that air—entrained concretes without 
fly ash performed better than air-entrained concretes with 
fly ash, regardless of the type of curing provided.

Yuan & Cook /50/ studied concrete with a constant 
water/binder ratio of 0.45. Both air-entrained and non 
air-entrained concretes were tested according to ASTM C666 
Procedure A. Fly ash contents were 0, 20, 30 and 50% by 
weight of total cementitious material. The concretes were 
cured for 14 days before testing. The authors found no 
significant difference in loss of weight or dynamic modulus 
for air entrained concrete with or without fly ash up to 400 
freeze-thaw cycles. After about 400 cycles significant 
scaling was noted on the 50% fly ash replacement concrete. 
At 1200 cycles, concrete with 20% replacement showed better 
frost-resistance than the portland cement concrete. The 
difference here was not, however, significant (Figure 10.).
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Figure lO.Weigth loss of air entrained concrete with various fly 
ash replacements.

Joshi et al. /51/ tested a normal concrete with 300 kg/m3 
cement and a fly ash concrete with 150 kg/m3 fly ash and 
150 kg/m3 cement. The water/binder ratio was 0.47. The 
quantity of an air-entraining agent was adjusted to give an 
air content of about 6.5% by volume. The non air—entrained 
specimens all failed at less than 50 freeze-thaw cycles 
(ASTM C666-Procedure A) . All air-entrained concretes had a 
durability factor greater than 60% at 300 cycles. All mixes 
showed some scaling after 150 to 200 freeze-thaw cycles. 
They concluded that in some concretes which contain high 
proportions of mineral admixture, adverse effects of scaling 
may be significant where extreme freezing-thawing 
environments exist.

Whiting /52/ studied high-strength concrete, compressive 
strength varying between 41 and 69 MPa, with a Class C fly 
ash. The specimens were either moist cured or cured in about 
50% rh before testing in ordinary freeze-thaw test and 
deicer scaling resistance. The conclusions were, that 
regardless of the strength level or type of curing 
performance of non air-entrained concretes with respect to
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resistance to freezing and thawing and deicer scaling was 
poor. Scaling induced by ordinary freeze-thaw test was less 
in the higher strength air-entrained concretes, but high 
strength air-entrained concretes showed less resistance to 
deicer scaling than concretes of more moderate strength 
levels produced at equivalent air contents.

Carrasquillo /53/ tested concretes with fly ash replacements 
of 0, 20 and 35% of a portland cement. He found out that the 
use of fly ash in concrete could reduce the effectiveness of 
air-entraining agent, but the frost-resistance of fly ash 
concrete was equal to that of normal concrete with a similar 
air content.

Sturrup et al. /54/ have studied concretes with and without 
fly ash, in outdoor exposure conditions for over 28 years. 
In air-entrained concretes, extensive heavy scaling has 
occurred only on the blocks containing 60% fly ash with a 
relatively low loss on ignition of 5.4% and 45% fly ash with 
an exceptionally high loss on ignition of 23%. In non air- 
entrained concretes, those containing fly ash showed signs 
of distress after about eight years of exposure. The air- 
entrained normal concrete shows no significant signs of 
distress after 13 years of exposure. It appears that non 
air-entrained fly ash concrete requires longer than 5 to 6 
months curing in order to develop adequate resistance to 
freezing and thawing.

Johnston /66/ replaced 0, 16, 27 and 42% of cement by class 
C fly ash. The water/binder ratio was kept constant at 0.53. 
He found out that replacement of cement by fly ash does not 
detract from freeze-thaw performance in ASTM C666, provided 
the dosage of air-entraining admixture is increased to the 
point needed to achieve an air void spacing factor less than 
0.2 5 mm and that the water/binder ratio does not exceed 
about 0.53. However, in the ASTM C672 scaling test, 
concretes with fly ash exhibited more severe scaling than 
normal concrete despite apparently adequate air void spacing 
factors.

Sivasundaram et al. /55/ studied concrete having a 
water/binder ratio 0.31. The fly ash (Class F) content in 
test concretes was about 220 kg/m3 and cement content about
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160 kg/m3. The air content varied between 3.5 and 5.9%. Both 
air void parameters and freezing and thawing in water (ASTM 
C666, Procedure A) were tested. The test specimens were 
moist cured for 14 up to 28 days before testing. The 
durability factors obtained after 300 cycles of freeze-thaw 
testing were 99 and over. However, considerable surface 
scaling was observed on the test prisms.

Barrow et al. /56/ tested fly ash concretes resistance to 
deicer scaling according to ASTM C672. Test specimens were 
cured in different temperatures (11.3, 25.6 and 42.5°C) and 
relative humidities (50 or 100%) until 14 days after casting 
and then placed in an environment of 25.6°C and 50% rh until 
they were subjected to testing starting at 2 8 days after 
casting. Fly ash was used to replace 0, 25 and 3 5% of the 
cement by volume. The air content varied between 4.8 and 
6.5%. The authors did not find any clear evidence relating 
the deicer scaling resistance of concrete to the replacement 
of cement with either Class C or Class F fly ash. However, 
for a given curing temperature, the most resistant concrete 
to scaling was generally the moist cured concrete containing 
no fly ash.

Whiting /57/ evaluated the resistance to deicer scaling of 
lean concretes containing fly ash using ASTM C672. Cement 
contents of the concretes were 250, 305 and 335 kg/m3. Fly 
ash replacement levels were 25 and 50% by weight. Air 
content was 6%. Specimens were cured for 1 and 7 days under 
moist conditions and then air-dried until the initiation of 
testing at 35 days old. Scaling was found to increase, with 
a decrease in the total cementitious content and an increase 
in the amount of cement replaced. At high replacement levels 
of 50% by mass of cement, resistance to deicer scaling was 
generally unsatisfactory, irrespective of the particular fly 
ash or mix design employed.

Krell /58/ studied influences of fly ash and inert fillers 
to concretes containing 240 - 330 kg/m3 portland cement with 
0 up to 9 0 kg/m3 additions. The test specimens were moist 
cured for 7 days. He concluded that the frost-resistance of 
addition concretes was significantly poorer than that of the 
normal mix with equivalent strength.
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3.8.3 Condensed silica fume

Gjørv /59/ tested silica concrete according to ASTM C666. He 
found an efficiency factor of about 8 for 10% addition of 
silica and 1% plasticizer with a concrete containing 250 
kg/m3 cement and no air-entrainment. Also, when freezing in 
air (—28°C) and thawing in water (+18°C) a 5% replacement of 
cement by silica showed a substantial improvement in 
frost-resistance.

Sorensen /60/ tested salt-scaling resistance according to 
RILEM Recommendation CDC2, which is basically similar to the 
ASTM C672 standard method. The silica content varied between 
0 and 40% of the cement content. Air-entrained concrete, 
with an air content of 5%, and non air-entrained concrete 
were both tested. The compressive strengths ranged from 25 
to 60 MPa. Test specimens were submerged in water until an 
age of 14 days and then dried at 65% RH or +45°C over a 
period 14 days. The drying conditions prior to resaturation 
had a significant influence on the scaling performance of 
normal concrete, for silica concrete they had only a minor 
effect. Air-entrainment had a marked beneficial effect on 
frost-resistance, both for concrete without and with silica. 
Sorensen also concludes that silica concrete with relatively 
low cement contents can be manufactured to be frost- 
resistant without air-entrainment. However, the results 
indicate that air-entrained silica concrete with a larger 
amount of silica (20% or more) would be less resistant 
against salt-scaling than normal air-entrained concrete.

Feldman /61/ studied pore structure and frost-resistance of 
mortars with 0, 10 and 30% silica fume at a water/binder 
ratio of 0.60 and a sand/cement ratio between 0.0 and 3.0. 
Mortars were tested according to ASTM 666, Procedure B. He 
concludes that frost-resistance is increased by the addition 
of 10% silica to mortar with a water/binder ratio of 0.60 
when sand/cement ratio is 2.25 or more. The sand used was 
quite fine so the results may not be applicable to normal 
concrete.

Malhotra /62/ tested silica concretes with a water/binder 
ratio ranging from 0.40 to 0.60, and the percentages of 
cement replacement by silica 0, 5, 10, 15 and 30% by weight
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of binder. He had great difficulties to incorporate an air 
content of 4.8% in concrete with a water/binder ratio 0.42 
and a silica content of 30%. This concrete also had a high 
void spacing factor (0.57 mm), while other air-entrained 
concretes had spacing factors of less than 0.20 mm. Non air- 
entrained concretes showed very low durability factors, 
regardless of silica content or water/binder ratio. Air- 
entrained concretes up to 15% replacement of cement by 
silica performed satisfactorily. However, concrete with 30% 
silica and a water/binder ratio of 0.42 performed very 
poorly (durability factor less than 10).

Yamoto et al. /63/ used a water/binder ratio from 0.25 to 
0.65 and silica contents were 0, 5, 10, 20 and 30% in non 
air-entrained concretes. For air-entrained concrete the 
water/binder ratio was 0.55, air content was 4 to 5% and 
silica contents were 0, 20 and 3 0%. For non air-entrained 
concrete with a water/binder ratio of 0.25 and regardless of 
the amount of silica, the concrete prisms showed very high 
freezing and thawing resistance. The air-entrained concretes 
with 20 or 30% silica showed very poor freezing and thawing 
resistance, although the air-entrained normal concrete 
without silica performed satisfactorily.

Aitcin and Pigeon /64/ investigated the characteristics of 
alr-void systems of concrete roads and sidewalks, which had 
been in use for several winters. The performance of 15 
silica and 3 normal field concretes was analyzed. Without 
exception, and regardless of all the variations in 
composition, construction technigues, and degree of 
exposure, the performance of all concretes with a 
satisfactory spacing factor (less than 0.20 or 0.25 mm) was 
excellent. When the spacing factor ranges between 0.30 and 
0.60 mm satisfactory performance of silica concrete may be 
possible. It seemed also that the spacing factor has a 
tendency to increase with the amount of silica present in 
the mix.

Pigeon et al. /65/ tested silica concretes containing 0, 5 
and 10% silica according to the ASTM C672 scaling test. In 
each series, one mix contained a normal amount of entrained 
air and the other one a higher amount. Test specimens were 
either moist cured for 7 days, or a curing compound was
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used. Their results showed that scaling tends to increase 
with the silica content. This increase was, however, almost 
negligible at a silica content of 5%, but more significant 
at 10%. They concluded that concrete with a silica content 
no more than 10% can have a fair scaling resistance, if it 
has proper air void spacing factor and water/cement ratio, 
and if it is adequately cured. The scaling resistance of the 
specimens cured with a curing compound was found to be 
better than that of the wet cured ones, irrespective of the 
silica content.

Johnston /66/ studied silica concrete with a silica amount 
ranging from 0 to 15% and water/binder ratio varied between 
0.55 and 0.88. Test methods were according to ASTM C666 and 
ASTM C672. He concludes that silica can be used to 
strengthen lean concretes without adversely affecting their 
freeze-thaw durability, as assessed by ASTM C666 and C672, 
if satisfactory air void parameters are achieved and the 
water/binder ratio is not greater than 0.70. The results 
also confirm that proper air entrainment is essential for 
satisfactory performance in ASTM C666 and C672.

Bilodeau and Carette /67/ incorporated silica as a direct 
replacement by mass for cement. Replacement ratio was 8%. 
The water/binder ratio varied between 0.40 and 0.65 and the 
air content was kept at 6.5 ± 0.5%. The freeze-thaw tests 
were done according to ASTM C666, Procedure A and deicing 
scaling tests in the precence of a 4% calcium chloride 
solution in accordance with ASTM C672. They conclude that 
all of the tested concretes performed satisfactory under the 
action of deicing agents. It appears that concrete 
incorporating silica is slightly more suspectable to scaling 
than normal concrete, but the difference between the two 
types of concrete is negligible.

Langlois et al. /68/ carried out scaling tests on normal 
concrete and concretes containing 5% silica with air void 
spacing factors in the 0.100 to 0.200 mm range. Five curing 
methods were compared. Their results indicate that the use 
of silica does not improve the scaling resistance of 
concrete. Accelerated heat curing can have an extremely 
negative influence on scaling resistance and the authors 
cannot recommend its use for concretes that will be exposed
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to deicing salts. All mixes cured using the 70°C heat cycle 
exhibited a poor performance, although, in this case only, 
silica reduced very significantly, but not sufficiently the 
damage due to the freeze-thaw cycles in the presence of 
deicing salts.

3.9 Discussion and conclusions

Mineral by-products have many effects on the properties of 
concrete, which may influence the frost-resistance of 
concrete. It seems clear that slag, fly ash and silica all 
increase the dosage requirement of the air-entraining agent, 
to give a desired amount of entrained air. The reason for 
this in the case of slag is still somewhat uncertain, but in 
the case of fly ash the organic materials content, mainly 
unburnt coal, is the main reason. When silica fume is used, 
the obligatory use of a placticizer or a superplasticizer 
seems to be the reason for the increase in dosage 
requirement. However, it appears that the air void 
parameters are not influenced by the use of mineral by
products, as long as the proper amount of air is entrained 
into the concrete. The stability of air-entrainment does not 
seem to be affected by the use of mineral by-products.

The rate of hydration of all mineral by-products is slower 
than that of portland cement. The slower rate of hydration 
means that the cement paste remains weaker and the pore 
structure coarser for a considerably longer time than in the 
case of portland cement. This is also why a longer moist 
curing time is required with concrete containing mineral by
products. In older concrete (> 28 days) the hydration of by
products is more pronounced and the strength and pore 
structure of paste containing mineral by-products are 
gaining and passing corresponding properties of portland 
cement paste.

Well hydrated concretes made with slag or silica have 
considerably finer pore structure and denser cement paste. 
This leads to higher moisture contents in concrete at 
equilibrium with the surrounding air. It also hinders the 
movement of freezing water and causes greater pressures in 
the pore structure of freezing concrete. However, the 
refinement of the pore structure also reduces the freezeable
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water amount of concrete and strengthens the paste. Thus, 
the sum effect is an increase in the frost-resistance of 
concrete. The effects of fly ash on the pore structure of 
concrete are less than those of slag and silica.

Both slag and silica reduce chloride diffusion in concrete 
to about one tenth of that of portland cement concrete. Fly 
ash is not as efficient as slag or silica, but it also 
reduces the permeability of concrete to chloride diffusion. 
Thus, all mineral by-products should lead to an increase in 
the salt-scaling resistance of concrete.

Carbonation in slag concrete is more rapid than in normal 
concrete. Carbonation also results in a coarser pore 
structure of slag cement paste, while the opposite is true 
for portland cement paste. This is why the frost-resistance 
of slag concrete is considered somewhat sceptically. The 
influence of carbonation on fly ash or silica concretes have 
not been as great as on slag concrete. Repeated drying and 
wetting could have an effect on the pore structure of pastes 
made with mineral by-products, but this has not been studied 
enough to draw final conclusions about how much this 
behaviour differs from that of portland cement concrete.

Tests made with mineral by-products give no clear answers as 
to whether these materials are beneficial or harmful to the 
frost-resistance and salt-scaling resistance of concrete. 
Results pointing in both directions have been gained. It 
seems that negative results, have in many cases been due to 
extreme amounts of mineral by-products used in concrete. 
This being the case, one should have to limit the allowed 
amounts of these materials in frost-resistant or salt
scaling resistant concrete. From the above, it could seem 
possible to limit the amounts of ground slag, fly ash and 
silica to maximums of 50%, 25% and 10%, respectively. It 
seems also that the use of slag or silica in such limited 
amounts could give a positive influence to frost-resistance 
of concrete, while fly ash does not have any greater 
advantages to offer.
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4 LABORATORY TESTS

4.1 Introduction

The laboratory tests have been made in two different stages. 
In the first series, the frost-resistance of normal strength 
concrete was studied. Here the compressive strength at 28 
days age was about 35 MPa. Slag, fly ash and silica amounts 
of normal ready-mixed concrete practice were used.

In the second series, silica concrete with a higher 
compressive strength level of about 45 to 55 MPa was 
studied. This series was based on the good results obtained 
with silica concrete in the first series. This test series 
concentrated on salt-scaling resistance, because this seems 
to be the largest problem for concrete in edge beams of 
bridges.

4.2 Test series I

4.2.1 Proportioning

The test programme for test series one was designed with the 
manufacturing process of a ready-mixed concrete plant in 
mind. The concretes were proportioned so that their 28-day 
strengths were analogous and their consistency was kept 
constant. The information needed for the proportioning was 
obtained from earlier tests with slag, fly ash or silica 
carried out by the Development Centre of Partek Corporation. 
In these investigations, the effects of mineral by-products 
on the properties of fresh concrete and the compressive 
strength of hardened concrete had been studied.

The basic proportioning for the test concretes was selected 
to be 6.5 : 1 (aggregate : cement), a composition commonly 
used in tests in Finland. The binder content was 
approximately 300 kg/m3. The target consistency was plastic, 
i.e. slump 60 mm. The maximum size of aggregate was 16 mm#.

The amount of slag or fly ash was chosen to be 100 kg/m3 and 
the amount of silica was chosen to 8% by weight of cement. 
These quantities were selected, because they are commonly 
used by ready-mixed concrete plants, where mineral by
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products are being regularly used for the production of 
concrete. In the silica concretes a superplasticizer was 
also used at a dosage of 1.0% by weight of cement.

Both non air—entrained and air—entrained concretes were 
studied. A target air content of 4% was chosen for the air- 
entrained concretes. In order to find out the correct dosage 
of the air-entraining agent, several mixes had to be made, 
of which test specimens were also manufactured. The actual 
air contents of air-entrained concretes tested varied 
between 2.0 and 7.0%. The proportions used are shown in 
TABLE 1.

TABLE 1. The proportioning of concrete in test series I.

Mix
No

Mix proportions (kg/m3)

Cement Slag Fly ash Silica Water Parmix L 
%-bind.

C-l 295 — — _ 180C—2 289 - - - 164 0.015C-3 287 - - - 159 0.025C—4 277 - - - 154 0.035B—1 198 99 - - 172 —
B—2 196 98 - - 170 0.035B—3 191 96 - - 157 0.055F—1 225 - 98 - 167 —
F—2 220 - 96 - 151 0.035F-3 217 - 94 - 148 0.045F-4 214 - 93 - 150 0.055S —1 265 - - 21 182 —

S-2 256 — 21 153 0.035

4.2.2 Ingredients

The cement used in these tests was standard cement, produced 
by Partek1s cement plant at Pargas. This type of cement can 
contain up 25% fly ash, slag or other mineral components and 
a minimum of 75% portland clinker. Also ground lime stone, 
up to an amount of 15% is allowed for. According to 
information received from the cement plant, no fly ash or
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slag had been interground to the cement. Limestone powder 
had been used up to a content of 10% of the cement weight.

The slag used, was ground granulated blast-furnace slag 
supplied by Rautaruukki Oy in Raahe. The slag was ground to 
a specific surface of 450 m2/kg. The binder properties of 
the slag were measured using a mixture of 35% slag and 65% 
standard cement.

Fly ash was received from Imatran Voima Oy1 s Tahkoluoto coal 
power station. Its loss on ignition was only 1.7%, which can 
be considered an excellent value. The pozzolanity and other 
binder properties of the fly ash were measured using a 
mixture containing 35% of fly ash and 65% of standard 
cement.

Silica was supplied by Norcem A/S in Norway. This silica is 
marketed under the tradename 'Micropoz', and it originated 
from the silicon alloy factory at Orkanger. The Si02-content 
was measured to be 96.5% by weight. The pozzolanity and 
other binder properties of silica were measured using a 
mixture of 8% silica and 92% standard cement. In the silica 
concretes also a superplasticizer was used. This was a 
melamine based agent, which is marketed under the tradename 
'Melment L-101 and has a solids content of 20%.

In air-entrained concretes a Finnish agent, Parmix L, was 
used. This agent is a colourless fluid containing 20% of 
effective material. The main component of Parmix L is 
polyglycol ether sulphonate. The pH-value of this agent is 
about 7.8. Parmix L has a plasticizing secondary effect.

The aggregate used in these tests was natural granite gravel 
of nodular grains, which was dried and graded by sieving. 
The grades used were: smaller than 0.125 mm#, 0.125-0.5 mm#, 
0.5-1 mm#, 1-2 mm#, 2-3 mm#, 3-5 mm#, 5-10 mm# and 8-16 mm#. 
The water used was tap water from the water distribution 
system of Pargas.

The chemical and physical properties of the binders are 
shown in TABLE 2. The analyses are carried out according to 
the Finnish standards SFS-3165...SFS-3170. These standards 
are basically similar to ISO-recommendations.



TABLE 2. The properties of binders in test series I.

Cement Slag Fly ash Silica
Chemical composition %
- CaO 61.9 36.2 7.7 0.6
- sio 19.4 38.2 48.2 96.5- A12Ô3 5.0 10.3 23.1 0.2
" Fe2°3 2.3 0.5 10.3 0.1- Mgo 3.0 6.7 4.5 0.2
- Na2° 0.9 1.0 0.9 0.3
- V 1.0 0.7 2.4 0.6
- s63 1.3 0.0 1.0 0.2
- Loss on ignition 4.3 0.4 1.7 1.7
- Insoluble residue 4.1 1.2 76.3 96.4

Specific weight kg/m3 3100 2960 2340 2380
Specific surface
area (Blaine) m2/kg 377 457 441 5544
Sieve residue %
- 30 дт 37.9 9.3 26.9 0.0- 40 дт 22.8 3.2 19.4 0.0- 63 дт 13.3 1.1 12.7 0.0

Average particle size
(Coulter Counter) дт 18.5 9.0 13.0 2.3
Setting time
- initial h:min 4 :15 2:45 4:55 2:20- final h:min 4:40 3:55 6:15 2:55- water demand % 26 26 29 28

Volume stability
(Autoclave)
-Id % 2.10 0.24 0.30 0.29- 7 d % 2.19 0.20 0.30 0.26

Heat of hydration
- 7 d kJ/kg 283 241 262 285

Compressive strength
-Id MPa 16.2 8.5 6.9 17.9
-3d MPa 31.9 20.2 16.1 32.6
- 7 d MPa 38.5 26.2 23.4 42.3-28 d MPa 43.9 48.9 34.0 56.7

The physical properties of binders were tested on a mixture 
consisting 35% of slag or fly ash and 65% of the standard 
cement. The mixture for testing silica contained 8% silica 
and 92% standard cement.
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4.2.3 Test programme

4.2.3.1 Fresh concrete

The properties determined on fresh concrete were: air 
content, density, temperature and consistency: slump and VB- 
time.

The air content was determined by the pressure method using 
the porosimeter of Toniporotest from Toni-Technik, 8 dm3 in 
volume. The same vessel was also used for the determination 
of density. The vessel was filled with concrete, which was 
then vibrated with a poker vibrator until no large air 
bubbles were appearing on the wet concrete surface. Air 
content was measured according to the instructions of the 
manufacturer of the apparatus. The measurement took place 
immediately after the concrete was mixed and it was repeated 
60 minutes later. In the meantime, the fresh concrete was 
kept under a plastic cover.

The actual composition of fresh concrete given in TABLE 1. 
was calculated on the basis of the density of fresh concrete 
and the weighted materials. The properties of fresh concrete 
are given in TABLE 3.
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TABLE 3. Properties of fresh concrete in test series I.

Mix
No

Properties of fresh concrete

Air coni-ent % Slump VB Temp. Density
0 min 60 min cm S °C kg/mJ

C-l 1.5 1.5 55 2.3 20.5 2390
C—2 3.7 2.8 60 1.3 19.5 2330
C-3 5.0 3.2 55 1.5 19.0 2310
C—4 7.0 5.6 70 0.9 17.5 2230
B-l 1.0 0.8 60 2.7 20.5 2400
B-2 2.0 1.7 60 2.1 21.0 2370
B-3 4.1 3.5 55 1.5 21.0 2310
F-l 1.2 1.2 60 2.5 19.0 2400
F-2 4.2 3.4 55 1.7 21.0 2330
F-3 5.2 4.3 60 1.3 21.0 2300
F-4 6.2 5.1 65 0.8 21.5 2270
S-l 1.5 1.3 55 3.0 19.0 2380
S-2 4.6 4.6 60 1.0 21.5 2380

4.2.3.2 Hardened concrete

The hardened concrete was tested for: compressive strength 
at 1, 3, 7 and 28 days of age, protective pore ratio, 
dilation index, salt-scaling test at 7 and 35 days of age, 
optical analysis of pore structure, critical degree of 
saturation and capillary water absorption.

For the determination of compressive strength, cubes of 
150*150*150 mm3 in size were cast. For each tested age three 
cubes were made. The compressive strengths and densities of 
these test cubes were determined according to the Finnish 
standard SFS-4474. Before testing, the test specimens were 
stored at a temperature of 2 0±2°C and a relative humidity of 
at least 95%. The cubes were smoothed by sulphur mortar 
before pressing. Only the cubes to be tested at an age of 1 
day were not pretreated.

The protective pore ratio was determined according to the 
Finnish standard SFS-4475 on test cylinders of 150 mm in 
diameter and 300 mm in height. The specimens, cured for 21 
days, were dried to constant weight at a temperature of
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105°C. After drying, the specimens were immersed in water at 
normal pressure and they were allowed to absorb water until 
gaining an equilibrium, i.e. the weight change was less than 
0.05% per day. Then the specimens were transferred to 
pressure equipment, where water was pressed into them at an 
overpressure of 15 MPa. The protective pore ratio was 
calculated by dividing the water amount pressed into the 
concrete at overpressure, by the total water amount absorbed 
and pressed into the concrete. The results are given as mean 
values of two specimens.

The dilation index was determined according to SFS-5448 on 
similar test cylinders as protective pore ratio. This index 
is calculated based on the length changes of the specimen 
when temperature drops from +2 0°C to -20°C. To be able to 
evaluate the thermal expansion coefficient, the length of 
test specimens was measured at temperatures of +20°C and 
+4°C. Then, the cylinders were cooled down to -20°C and the 
lengths were again measured. The dilation index was 
calculated as the difference between the length change, 
based on the thermal expansion coefficient and the verified 
length change.

The salt-scaling resistance test was made according to SFS- 
5449. From each concrete mix, six test cubes of 100*100*100 
mm3 in size were cast for this purpose. After casting, the 
cubes were kept in their moulds covered by a plastic film 
for one day. Then, they were unmoulded and cured in water 
for 7 days. Half of the cubes were then subjected to the 
salt-scaling test directly at the age of 7 days. The other 
half were transferred to a relative humidity of 70% at this 
age. The latter cubes were then, at the age of 28 days, 
moved back into water to be fully absorbed, when the salt
scaling test was begun, at the age of 35 days.

The freezing bath used in this salt-scaling test was a 
saturated solution of sodium chloride at a temperature of 
-15°C. The thawing bath consisted of pure water at a 
temperature of +20°C. The cubes were transferred to the 
freezing bath in the morning and to the thawing bath in the 
evening. Thus the freezing lasted 8 hours and the thawing 16 
hours. The disintegration of the cubes was followed by 
measuring the volume loss after 10 and 25 cycles. Volume



57
measurement was carried out by weighing the cubes in water 
and in air.

Optical analysis of the pore structure was carried out at 
the Technical Research Centre of Finland (VTT), at the 
Concrete and Silicate Laboratory. This analysis was done by 
point count method using an optical microscope. For each 
concrete mix two specimens with a polished surface area of 
5600 mm2 were prepared. From each specimen, 325 spots with 
an area 2.5 mm2 were analyzed and from the results, the air 
content and spacing factor according to Powers were 
calculated.

The critical degree of saturation was determined according 
to the method presented by Fagerlund. This method is not 
standardized in Finland. Beams of 100*100*500 mm3 in size 
were cast for this test. The beams were cured at a 
temperature of 20±2°C and a relative humidity of at least 
95% for 28 days before they were sawn to smaller specimens 
of approx. 50*100*100 mm3 in size. These small specimens were 
then dried for 7 days in a temperature of +50°C, after which 
they were vacuum saturated with water and cured in water for 
one day more. The specimens were then allowed to dry out in 
a laboratory atmosphere until they had reached a certain 
degree of saturation between 0.7 and 1.0. As soon as the 
desired degree of saturation was achieved, the specimen in 
question was sealed hermetically with a plastic film. The 
test specimens were frozen at a temperature of -15°C for 8 
hours and thawed at room temperature (approx. +20°C) for 16 
hours. Six freeze-thaw cycles were made, after which the 
change in the dynamic modulus of elasticity was determined 
by measuring the ultrasonic velocity through the test 
specimens. After the freeze-thaw cycles and measurements, 
the test specimens were dried at a temperature of +105°C to 
a constant weight, in order to determine the actual degree 
of saturation. The critical degree of saturation was then 
calculated from a plot where the change of modulus of 
elasticity is drawn as a function of the actual degree of 
saturation. In this plot the critical degree of saturation 
appears as the nick point of the obtained lines.

Capillary absorption was measured with similar test 
specimens as the critical degree of saturation. After the
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initial drying at 50°C, these specimens were immersed in 
water and allowed to absorb the water under normal pressure. 
Absorption was followed up by weighing the specimens at 
certain intervals during a period of some months.

The results of the tests for hardened concrete are given in 
TABLE 4., TABLE 5. and TABLE 6.

TABLE 4. Properties of hardened concrete in test series I. 
Compressive strength development and results of protective pore 
ratio and dilation index.

Mix
No

Properties of hardened concrete

Compressive strength MPa Pr
%

Dilation
index
jLtm/m1 day 3 days 7 days 28 days

C-l 11.2 24.3 28.7 34.3 13 +55
C—2 10.7 26.1 27.7 33.3 19 -23
C-3 10.4 26.0 29.5 34.5 28 -24
C-4 7.0 21.0 27.0 31.8 39 -30
B-l 6.0 15.6 25.0 36.6 9 +252
B—2 5.8 15.9 23.9 35.9 14 -4
B-3 4.5 14.5 21.6 34.7 25 -40
F-l 6.4 19.8 26.1 35.6 13 +175
F-2 7.4 19.1 25.0 35.3 22 -74
F-3 6.9 17.0 23.2 34.7 28 -56
Fi-4 5.4 16.0 18.9 30.1 35 -73
S-l 8.9 20.4 28.5 40.9 12 + 121
S-2 9.3 17.9 25.2 36.2 38 -61
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TABLE 5. Properties of hardened concrete in test series I. 
Results of salt-scaling tests and optical analysis.

Salt-scaling test, volume loss Optical analysis
Mix 7 days 35 days Air Spacing
No content factor

10 c. 25 c. 10 c. 25 c. % mm
C-l 7.8 34.7 0.5 4.3 0.76 0.303
C-2 3.2 6.9 0.1 0.3 3.68 0.144
C—3 1.6 4.2 0.2 0.5 6.37 0.130
C—4 1.6 2.9 0.2 0.5 7.93 0.114
B-l 5.8 29.5 1.3 5.8 0.53 0.261
B-2 4.0 6.3 0.9 2.9 1.57 0.175
B-3 1.1 3.0 0.6 1.7 5.06 0.142
F-l 12.7 100.0 1.5 3.1 0.54 0.267
F-2 3.4 6.3 0.1 1.9 5.03 0.144
F—3 1.7 4.3 0.1 1.8 5.71 0.119
F-4 1.7 3.8 0.5 2.0 7.92 0.092
S-l 12.0 18.3 0.8 2.7 0.89 0.207
S-2 1.1 2.9 -0.2 1.2 4.66 0.150
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TABLE 6. Properties of hardened concrete in test series I. 
Results of the critical degree of saturation and capillary water 
absorption.

Critical degree of saturation method
Mix
No SCR tnp Stnp tSCR

h h years
C-l 0.905 8.4 0.93 8.3 0.001
C-2 0.903 7.6 0.81 6200 0.7
C-3 0.926 6.0 0.75 83000 9.5
C—4 0.915 8.4 0.67 85000000 9700
B-l 0.925 7.6 0.88 220 0.025
B-2 0.944 7.5 0.87 4100 0.5
B-3 0.940 10.2 0.72 23000000 2700
F-l 0.949 3.4 0.87 360 0.041
F-2 0.860 11.2 0.77 1700 0.2
F-3 0.924 6.7 0.69 630000 72
F-4 0.932 8.7 0.66 1200000 130
S-l 0.975 7.6 0.93 370 0.042
S —2 0.965 9.4 0.72 8500000 970

SCR is the critical degree of saturation 
t is time (h) at the nick point of absorption curveSt^ is the corresponding degree of saturation and 
tgcR is the theoretical service life i.e. estimated 

time for reaching SCR
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4.2.4 Discussion of test results

4.2.4.1 Compressive strength

COMPRESSIVE STRENGTH
MINERAL BY-PRODUCTS

Figure 11. The strength development of concrete in test series 
I. C denotes cement, SL slag, FA fly ash and S8 silica 8%.

The compressive strengths at 28 days varied between 30.1 and 
40.6 MPa. Excluding the non air-entrained silica concrete, 
the upper limit of strength was 36.6 MPa. Thus the strengths 
obtained were in a relatively narrow range, which was the 
result hoped for.

The strength development of by-product concretes was slower 
than that of cement concrete, which was also expected.
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4.2.4.2 Air content

AIR CONTENT
FRESH CONCRETE (X-vol.)

DOSAGE OF PARMIX L (X-blnder)

Figure 12. The air content of concrete as a function of the
dosage of the air-entraining agent. Test series I. C denotes 
cement, SL slag, FA fly ash and S8 silica 8%.

The air contents varied between 1.0 and 7.0%. The by
product concretes all needed an increased amount of air- 
entraining agent in order to achieve the desired air 
content. The efficiency of the air-entraining agent is 
illustrated in Figure 12. From this figure we can see that 
the dosage requirement of the air-entraining agent is about 
3 times as great for slag concrete, double for fly ash 
concrete and 1.5 times as great for silica concrete in 
comparision to cement concrete.
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AIR LOSS
MINERAL BY-PRODUCTS

AIR CONTENT (VOL-%)

Figure 13. The loss of air as the function of the original ai
content Test denotesseries cement
and S8 silica 8%. The regression line with 95% confidence limits 
is also shown.

The air loss of concretes during a 60 minute period ranged 
from 0.0 to 1.8% the mean value being 0.6%. The air loss was 
found to depend linearly on the initial air content and 
clearly reduced by silica, while slag or fly ash did not 
have any greater effects. The squered correlation 
coefficient of the regression line was calculated to be 
0.597, which means that 59.7% of the variation in the air 
loss can be explained by the variation in the original air 
content.



4.2.4.3 Protective pore ratio
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PROTECTIVE PORE RATIO
MINERAL BY-PRODUCTS

AIR CONTENT (VOL-X)

Figure 14. The protective pore ratio as a function of air 
content. Test series I. C denotes cement, SL slag, FA fly ash 
and S3 Silica 8%. The regression line with 95% confidence limits 
is also shown.

The protective pore ratios ranged from 9 up to 39%. The 
correlation between air content and protective pore ratio 
was found to be linear and 88.1% of the variation in the 
protective pore ratio could be explained by the variation in 
the air content.

Slag or fly ash do not effect the protective pore ratio of 
concrete when strength and air content are kept constant. 
However, air-entrained silica concrete gave a better value 
for protective pore ratio than could be expected on the 
basis of the air content. The results are illustrated in 
Figure 14.
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4.2.4.4 Dilation index

DILATION INDEX
MINERAL BY-PRODUCTS

-100

-200

AIR CONTENT (VOL-X)

Figure 15. The dilation index as a function of the air content. 
Test series I. C denotes cement, SL slag, FA fly ash and S8 
Silica 8%. The regression curve with 95% confidence limits is 
also shown.

All non air-entrained concretes had a positive dilation 
index, which means that they can not be considered to be 
frost-resistant. Here, the incorporation of mineral by
products resulted in all cases to reduced frost-resistance. 
In air-entrained concretes the dilation index was always 
negative, in spite of the fact that one of the slag 
concretes had an air content of merely 2.0%. In air- 
entrained concretes, the by-products increased the frost- 
resistance.

The results together with a regression curve are shown in 
Figure 15. Alltogether 80.1% of the variation in the 
dilation index can be explained by the variation in the air 
content.
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4.2.4.5 Salt-scaling resistance

SALT-SCALING (25 CYCLES, 7d)
MINERAL BY-PRODUCTS

AIR CONTENT (VOL-X)

Figure 16. Salt-scaling resistance of concretes tested at an age
of 7 days. Test series I. C denotes cement, SL slag, FA fly ash 
and S8 silica 8%. The regression curve with 95% confidence 
limits is also shown.

When the concrete was tested after 7 days, the salt-scaling 
resistance of non air-entrained concretes was poor. When the 
air content was increased, the scaling reduced considerably. 
The incorporation slag or silica gave a small improvement to 
the scaling resistance while fly ash decreased it 
considerably, when no air was used.

The results together with regression curve are shown in 
Figure 16. Only 47.2% of the variation of the volume loss 
can be explained by the variation of the air content.
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SALT-SCALING (25 CYCLES)
MINERAL BY-PRODUCTS

AIR CONTENT (VOL.—X)

Figure 17. Salt-scaling resistance of concretes tested at
of 35 days. Test series I.

The regression curve with 95% confidence
limits is also shown.

In all cases, salt scaling resistance clearly increased with 
age. It seemed that all mineral by-products would have 
decreased the scaling resistance, but the actual amounts of 
scaled materials were very small for all air-entrained 
concretes. According to Finnish practice, concrete is 
considered salt-scaling resistant if the loss of volume 
after 25 cycles is less than 3.3% /69/. All the air- 
entrained concretes fulfilled this criteria and so did the 
non air-entrained silica and fly ash concretes too. These 
results clearly show that 25 cycles of salt-scaling test is 
not enough to ensure good salt-scaling resistance.

The results together with the regression curve are shown in 
Figure 17. Here, 69.8% of the variation of the volume loss 
can be explained by the variation of the air content.
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4.2.4.6 Optical analysis

AIR CONTENT IN HARDENED CONCRETE
MINERAL BY-PRODUCTS

AIR CONTENT (VOL.—Я)OC ♦ *. о PA A se
Figure 18. Air content of hardened concrete measured by optical 
analysis as a function of the initial air content. Test series 
I. C -denotes cement, SL slag, FA fly ash and S8 silica 8%. The 
regression line with 95% confidence limits is also shown.

The optical analysis showed that the air, which was 
entrained to the concrete, did not escape from it during 
handling and vibration. This is evident from the measured 
air contents of fresh and hardened concretes shown in 
Figure 18. As much as 97.8% of the variation in the air 
content of hardened concrete is explained by the variation 
in the air content of fresh concrete.
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SPACING FACTOR
MINERAL BY-PRODUCTS

AIR CONTENT (VOL.-*)

Figure 19. Spacing factor as a function of air content of fresh 
concrete. Test series I. C denotes cement, SL slag, FA fly ash 
and S8 silica 8%. The regression curve with 95% confidence 
limits is also shown.

The measured spacing factors together with a regression 
curve are shown in Figure 19. From this figure it can be 
seen that the spacing factor is a function of the air 
content of the fresh concrete and the use of mineral by
products do not effect this relationship to any greater 
amount. The coefficient of correlation for the regression 
curve shows that 85.3% of the variation in the spacing 
factor can be explained by the variation in the air content.

All the spacing factors of air-entrained concretes are below 
the usually mentioned limit for frost—resistant concrete, 
namely 0.20 mm. None of the non air—entrained concretes 
reached such a low spacing factor, although also their 
spacing factors were unexpectedly small.



4.2.4.7 Critical degree of saturation
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The critical degree of saturation does not seem to be 
influenced by the air content of concrete. Only 5.2% of the 
variation in the critical degree of saturation depends on 
the variation in the air content. Also, there is no clear 
effect of mineral by-products on it. The values obtained 
ranged from 0.860 to 0.975. The lowest value was measured 
for fly ash concrete containing 4.2% of air and it was 
clearly lower than any other values. The second lowest value 
for the critical degree of saturation was 0.903, obtained 
for cement concrete with an air content of 3.7%. The highest 
value was measured for silica concrete with no air 
entrained.
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It appears that the measured values are all somewhat greater 
than values usually found in the literature. This might be 
because of the higher freezing temperature of -15°C used in 
this study compared with the standard testing temperature of 
-20°C.

DEGREE OF SATURATION AT TNP
MINERAL BY-PRODUCTS

AIR CONTENT (VOL.—X)

Figure 21. The degree of saturation of concrete at the nick 
point of absorption curve as a function of air content. Test 
series I. c denotes cement, SL slag, FA fly ash and S8 silica
8%.

However, the degree of saturation, which is reached before 
the nick point of water absorption curve, is clearly 
dependent on the air content of concrete. The correlation 
coefficient squered is as high as 0.897. The linear 
correlation between these two is obvious also from 
Figure 21.
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PROTECTIVE PORE RATIO
MINERAL BY-PRODUCTS

1 — Stnp

Figure 22. The relationship between protective pore ratio and 
1 - the degree of saturation at nick point of water absorption 
curve. Test series I. C denotes cement, SL slag, FA fly ash and 
S8 silica 8%. The regression line with 95% confidence limits is 
also shown.

The value for 1-5^Пр/ where Stnp is the degree of saturation 
at the nick point of water absorption, should be quite near 
the protective pore ratio. The protective pore ratio should 
in fact be a little smaller than the value calculated from 
the water absorption curve, because the specimens in the 
protective pore ratio test are kept in water for a longer 
time than that needed for the absorption to reach the nick 
point. In Figure 22. this relationship is studied. The 
expected high correlation between these two values can 
clearly be seen. The correlation coefficient squered is 
0.847.
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THEORETICAL SERVICE LIFE
MINERAL BY-PRODUCTS

AIR CONTENT (VOL.-X)DC + SL »f* A S8

Figure 23. Theoretical service life of concretes as a function 
of air content. The Y-axes is the logarithm of service life in 
years. Test series I. C denotes cement, SL slag, FA fly ash and 
S8 silica 8%. The regression line with 95% confidence limits is 
also 'shown.

The theoretical service lives were estimated from the water 
absorption curves of the concretes as the time for reaching 
the critical degree of saturation. These values give an idea 
about how long the concrete can be fully immersed in water 
and yet be able to resist freezing should this happen. The 
results, together with a regression line are shown in 
Figure 23. The у-axes for this figure had to be drawn as the 
logarithm of service life in years, because the values 
differ from each other so substantially. The minimum values 
were in the range of hours while the maximum was 9700 years.

There seems to exist a linear correlation between the 
logarithm of service life and the air content of concrete. 
This would mean that a certain increase in air content gives 
a ten fold service life. However, only 71.2% of the
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variation in the logarithm of service life can be explained 
by the variation in the air content. It can be seen that 
slag and silica tend to increase the estimated service life, 
while fly ash and normal concrete are in the same range with 
each other.

4.2.4.8 Summary of test series I

Therefore, it can be seen that different test methods give 
differing results of the frost-resistance of concrete. In 
order to be able to summarize these results, the concretes 
were ranked according to the results obtained in different 
tests. The concrete that gave the best result in the test in 
question got a rank number 1 and the poorest result ranked 
as 13. This ranking is shown in TABLE 7. and in Figure 24.

TABLE 7. The ranking of concretes in test series I.

Mix
No

Air 
cont.

%

Ranking numbers

Pr Dil.
index

Salt-£ 
7 d

scali. 
35 d

Serv.
life

Spac.
fact.

Total

C-4 7.0 1 6 1 2 1 2 13
S—2 4.6 2 3 1 4 3 8 21
F—4 6.2 3 2 4 8 4 1 22
B-3 4.1 6 5 3 5 2 5 26
F—3 5.2 4 4 6 6 5 3 28
C-3 5.0 4 7 5 2 6 4 28
F-2 4.2 7 1 7 7 9 6 37
C—2 3.7 8 8 9 1 7 6 39
B-2 2.0 8 9 7 10 8 9 51
S—1 1.5 12 11 10 9 12 10 64
F—1 1.2 10 12 13 11 10 12 68
C-l 1.5 10 10 12 12 13 13 70
B—1 1.0 13 13 11 13 11 11 72

From the table we can see that different tests put the 
concretes in different ranking order. The fly ash concrete 
containing 4.2% air was the best in the dilation index test, 
while it came out at ninth place when service life was 
estimated. Also a cement concrete containing 3.7% air was 
the best in the salt-scaling test at an age of 35 days, but 
only ninth in the same test at 7 days. From these
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differences it can be concluded that the test methods 
measure different properties of concrete, although they are 
all meant to evaluate the frost-resistance of concrete.

RANKING NUMBERS
MINERAL BY-PRODUCTS

AIR CONTENT (VOL.-X)
dc + SL о га л aa

Figure 24. The sum of ranking numbers as a function of air 
content of fresh concrete. Test series I. C denotes cement, SL 
slag, FA fly ash and S8 silica 8%. The regression curve with 95% 
confidence limits is also shown.

The concretes in TABLE 7. are listed in order of frost- 
resistance, which is evaluated as the sum of all ranking 
numbers for the concrete in question in different tests. 
Thus, a total ranking was reached. The correlation between 
the sum of ranking numbers and the air content of fresh 
concrete was found to be high. As much as 95.4% of the 
variation in the sum of ranking numbers can be explained by 
the variation in the air content. The biggest difference 
fromt this correlation is the silica concrete containing 
4.6% air.
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4.3 Test series II

4.3.1 Proportioning

The second test series was built up, because in test series 
one it seemed that silica could give a positive effect on 
the frost-resistance of concrete. The second reason for this 
test series were the difficulties that had been encountered 
with the salt-scaling resistance of edge beams in concrete 
brigdes. The proportioning of test concretes is shown in 
TABLE 8. Here, the cement content was kept constant at 400 
kg/m3, slump was maintained at 150 mm by using Melment L-10 
2,0% of cement weight and allowing the water content of 
concrete to differ from batch to batch. The silica content 
was varied at 0, 4, 8 and 16% by weigth of cement and the 
dosage of the air-entraining agent was also varied at 0, 
0.02, 0.04 and 0.08% by weigth of cement. All together 16
mixes were thus manufactured.

TABLE 8. The proportioning of concrete in test series II.

Mix
No

Mix proportions (kg/m3)

Cement Silica Water Parmix L 
%-cem.

Melment
%-cem.

Aggreg
ate

SI-1 404 — 172 — 2.0 1816
SÏ-2 395 16 182 - 2.0 1779
SI-3 390 31 183 - 2.0 1757
SI-4 375 60 209 - 2.0 1688
SI-5 385 - 155 0.02 2.0 1732
SI-6 388 16 154 0.02 2.0 1745
SI-7 382 31 157 0.02 2.0 1721
SI-8 376 60 195 0.02 2.0 1691
SI-9 378 - 134 0.04 2.0 1700
SI-10 378 15 139 0.04 2.0 1699
SI-11 369 30 152 0.04 2.0 1661
SI-12 363 58 167 0.04 2.0 1634
SI-13 362 - 130 0.08 2.0 1630
SI-14 374 15 129 0.08 2.0 1684
SI-15 368 29 139 0.08 2.0 1656
SI-16 359 57 159 0.08 2.0 1617
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4.3.2 Ingredients

The cement used in this test series was rapid hardening 
portland cement from Partek1s cement factory at 
Lappeenranta. Other ingredients from the same sources as in 
series I were used also in this test series. So also in test 
series II 'Micropoz' from Orkanger, 1Parmix L' from Pargas 
and 'Melment L-101 from Trostberg were used.

The chemical and physical properties of binders are shown in 
TABLE 9. The pozzolanity of silica was measured using a 
mixture consisting of 8% silica and 92% rapid hardening 
portland cement.

4.3.3 Test programme

4.3.3.1 Fresh concrete

The following properties were determined on fresh concrete: 
air content, density, temperature and consistency: slump and 
VB-time.

The measurements were done using same methods as in test 
series I and the results are shown in TABLE 10. The air 
content was measured immediately after the concrete was 
mixed.



TABLE 9. The properties of binders in test series II.
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Cement Silica

Chemical composition, %
- CaO 60.1 1.2
- SiO- 21.5 91.2
- A1203 4.1 0.5
- Fe„0_ 2.4 0.6- MgS 3 2.3 1.0
- Na-O 0.7 0.5
- K-0 0.6 1.0
- s83 2.9 0.2
- Loss on ignition 5.1 0.9
- Insoluble residue 4.1 92.4

Specific surface
area (Blaine) , my kg 483 5850

Setting time
- initial, h:min 1:25 1:45
- final, h:min 1:40 2:10
- water demand, % 29 30

Volume stability
(Autoclave)
-Id, % 0.07 0.06
- 7 d, % 0.10 0.10

Heat of hydration
- 7 d, kJ/kg 334 315

Compressive strength
—1 d, MPa 26.6 25.4
-3d, MPa 39.4 36.9
- 7 d, MPa 41.4 40.5
-28 d, MPa 48.3 47.6

The physical properties of binders were tested on a mixture 
consisting of 8 % silica and 92 % rapid hardening cement.



TABLE 10. Properties of fresh concrete in test series II.
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Mix
No

Properties of fresh concrete

Air content % Slump VB Temp. Density
mm s °C kg/m

SI-1 1.6 140 — 25.0 2400
SI-2 1.5 160 - 23.0 2380
SI-3 1.7 140 - 23.0 2370
SI-4 1.3 150 - 23.0 2340
SI-5 5.8 160 - 23.0 2280
SI-6 5.3 160 - 22.0 2300
SI-7 5.3 140 - 22.0 2300
SI-8 2.4 140 - 22.5 2330
SI-9 8.1 155 - 22.5 2220
SI-10 7.2 150 - 22.5 2240
SI-11 6.9 160 - 22.0 2220
SI-12 5.0 140 - 23.0 2230
SI-13 10.5 160 - 22.0 2130
SI-14 7.7 145 - 22.0 2210
SI-15 7.8 155 - 23.0 2200
SI-16 6.8 145 — 23.0 2220

4.3.3.2 Hardened concrete

The following tests were performed on the hardened concrete : 
compressive strength at 28 and 91 days of age, protective 
pore ratio, salt-scaling test at an age of 35 days and 
freeze-thaw test at an age of 28 days.

The tests were performed according to the same standards as 
in test series I. The freeze-thaw test was done according to 
SFS-5447. The test beams 100*100*500 mm3 in size were cured 
in a relative humidity of at least 95% until an age of 28 
days. Then they were put into an automatic freezing and 
thawing machine, where they stayed for 200 cycles. Each 
freeze-thaw cycle consisted of freezing in air at a 
temperature of -20°C and thawing in pure water at a 
temperature of +20°C. One freeze-thaw cycle lasted for 8 
hours so the cycling was done at a rate of 3 cycles per day. 
After 200 cycles the flexural strength of the beams was 
determined according to SFS-5444 and also the compressive 
strength of the ends of these beams was tested. These same 
strength tests were also made before the freeze-thaw test
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was started and on reference beams, which were kept in water 
at +20°C for the time of the freeze-thaw test. For each 
concrete mix, three beams were manufactured one of which was 
tested as the freezing and thawing was started, one was put 
through the freeze-thaw cycling and one was kept immersed in 
water during the freeze-thaw test.

The results of the tests performed on hardened concrete are 
shown in TABLE 11., TABLE 12. and TABLE 13.

TABLE 11. Properties of hardened concrete in test series II. 
Compressive strength and protective pore ratio.

Mix
No

Compressive
strength

MPa Pr
%

Modified

Pr
%28 days 91 days

SI-1 51.0 51.5 18 18
SI-2 52.0 63.6 17 17
SI-3 56.1 65.8 39 23
SI-4 54.6 60.9 30 24
SI-5 41.6 51.3 27 27
SI-6 49.1 56.8 43 35
SI-7 53.1 58.5 51 34
SI-8 55.7 59.9 51 29
SI-9 42.0 47.7 47 46
SI-10 45.4 52.4 56 47
SÏ-11 46.8 56.9 63 42
SI-12 53.8 56.5 65 36
SI-13 39.9 48.0 46 46
SI-14 44.1 51.1 60 46
SI-15 45.2 51.6 71 46
SI-16 44.8 48.3 75 42
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TABLE 12. Properties of hardened concrete in test series II. 
Salt-scaling resistance.

Mix
No

Salt-scaling test , volume loss %

10 c. 25 c. 50 c. 75 c. 100 c.
SI-1 0.3 3.2 6.8 13.2 20.3
SI-2 0.1 0.2 1.1 3.4 7.2
SI-3 0.1 0.0 0.0 0.3 1.0
SI-4 0.0 0.1 0.0 0.2 0.4
SI-5 0.0 0.3 1.4 4.2 8.6
SI-6 0.0 0.0 0.2 2.2 4.2
SI-7 0.0 0.0 0.0 0.3 0.8
SI-8 0.0 0.0 0.0 0.0 0.0
SI-9 0.1 0.2 0.9 5.9 10.8
SI-10 0.0 0.0 0.0 2.7 5.3
SI-11 0.0 0.0 0.0 0.5 2.2
SI-12 0.0 0.0 0.1 0.2 0.4
SI-13 0.3 0.8 2.9 7.7 12.5
SI-14 0.0 0.0 0.0 0.7 3.0
SI-15 0.1 0.0 0.0 0.7 1.8
SI-16 0.1 0.1 0.0 0.2 0.3
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TABLE 13. Properties of hardened concrete in test series II. 
Freeze-thaw test results.

Freeze-thaw test

Compressive strength, Flexural strength,
Mix
No

MPa MPa

before after ref. before after ref.
test 200 beams test 200 beams

cycles cycles

SI-1 22.5 56.0 53.0 5.65 6.33 5.57
SI-2 44.5 34.5 52.5 6.01 1.84 7.17
SI-3 47.5 33.0 56.0 6.05 0.92 8.09
SI-4 43.5 0.0 52.5 6.49 0.00 8.29
SI-5 36.5 50.0 49.5 5.57 5.09 5.97
SI-6 41.5 45.5 50.5 6.45 5.17 5.37
SI-7 37.5 49.0 48.5 6.29 5.01 5.65
SI-8 44.5 54.5 53.0 8.13 4.37 6.69
SI-9 31.0 38.5 41.0 5.25 4.61 4.13
SI-10 38.5 47.0 40.0 6.85 7.17 7.37
SI-11 37.5 52.0 46.0 6.49 6.65 6.85
SI-12 49.0 50.5 47.5 6.85 7.85 8.05
SI-13 30.5 43.0 41.5 7.09 5.85 7.05
SI-14 37.5 49.0 43.0 6.01 6.53 8.09
SI-15 34.0 41.0 43.0 6.93 6.65 7.93
SI-16 40.0 42.5 41.5 5.81 6.13 7.17

4.3.4 Discussion of test results 

4.3.4.1 Compressive strength

The compressive strengths at 28 days varied between 41.6 and 
56.1 MPa. This variation could also be expected, because 
silica was added to the concrete instead of replacing some 
part of the cement. Also the water amounts in the concretes 
differed in a wide range between 129 and 209 kg/m 3 because 
the slump and superplasticizer dosage were kept constant 
with differing amounts of silica and of air-entrainment.
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4.3.4.2 Air content

AIR CONTENT
FRESH CONCRETE

0.0X 2.0X 4.0X 6.0X B.OX

DOSAGE OF PARM1X U (X-blnder)OC ♦ S* ♦ sa A 816
Figure 25. The air content of concrete as a function of the 
dosage of the air-entraining agent. Test series II. C denotes 
cement, S4 silica 4%, S8 silica 8% and S16 silica 16%.

The air contents varied between 1.5 and 10.5%. The addition 
of silica into the concrete mix decreased the air content of 
concrete and the effectivity of the air-entraining agent in 
all cases. However, the decrease of air-content was quite 
small when 4 or 8% of silica was used. When the silica 
dosage was increased to 16%, the dosage requirement was 
increased noticeably. The small effect of silica on the 
dosage requirement is probably due to the fact that all the 
concretes in test series II contained a superplasticizer, 
which already decreases the air content of normal concrete.
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4.3.4.3 Protective pore ratio

/

PROTECTIVE PORE RATIO

10.0X

AIR CONTENT (VOL.-X)

Figure 26. The modified protective pore ratio as a function of 
air content. Test series II. C denotes cement, S4 silica 4%, S8 
silica 8% and S16 silica 16%. The regression line with 95% 
confidence limits is also shown.

The incorporation of silica into the concrete mix made the 
concretes much less absorbent, which was seen during the 
protective pore testing. While the dried specimens were 
immersed in water, they absorbed much more slowly than 
cement concretes. When the critérium for equilibrium in this 
test was reached, they had not yet absorbed as much water as 
had been dried out at +105°C. The actual water amount 
absorbed was decreased from 117 kg/m3 of the cement concrete 
to a minimum of 52 kg/m3 of concrete containing 16% silica 
and 6.8% air (SI-16) . These results show that this test 
method is not valid for silica concrete of high quality, 
because the water amount that can be found in the pore 
system is larger than the amount that is absorbed during 
this test.
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An attempt to eliminate the error in the standard test 
method was made by calculating the protective pore ratio 
using the water amount that was dried out from the specimen 
instead of the amount absorbed into it. As the total amount 
of pores is not affected by this slower absorbtion, the 
water amount pressed into the concrete was decreased 
accordingly. These 'modified protective pore ratio' results 
are shown in Figure 26.

The modified protective pore ratio results show a linear 
correlation of the air content of concrete and silica 
concretes seem to give, in this series also, slightly better 
values than normal concrete. As much as 84.6% of the 
variation in the modified protected pore ratio can be 
explained by the variation in the air content of fresh 
concrete.
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4.3.4.4 Salt-scaling resistance

In test series one, it was concluded that 25 cycles of salt
scaling test is not enough to give definitive answers of the 
actual salt-scaling resistance of concrete. This is why this 
test was continued up to 100 cycles.

SALT-SCALING (25 CYCLES)
SILICA

AIR CONTENT (VOL-X)

of 35 days. Test series II. C denotes cement, S4 silica 4%, S8 
silica 8% and S16 silica 16%. The regression curve with 95%
confidence limits is also shown.

All the concretes showed excellent salt-scaling resistance 
after 25 cycles (Figure 27.). At this stage the non air- 
entrained cement concrete had only lost 3.2% of its original 
volume, so it can be considered to be salt-scaling 
resistant. This good result is probably due to the low 
water/cement-ratio (0.44) and the use of a superplasticizer. 
These have most likely created a favourable pore system with 
a very small amount of capillary pores. Here, only 9.4% of
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the variation in the volume loss could be explained by the 
variation in the air content.

However, when the test was continued, the scaling of 
concretes was increased. After 100 cycles the loss of volume 
of the non air-entrained cement concrete was 20.3%, i.e. 
about one fifth of the original volume had been scaled off. 
The cement concretes with air-entrainment showed better 
salt-scaling resistance with volume losess of 8.6%, 10.8% 
and 12.5%, when the air contents were 5.8%, 8.1% and 10.5% 
respectively.

SALT-SCALING
SIUCA

Figure 28 Volume loss of concretes containing 0,025% air- 
entraining agent as a function of the number of freeze-thaw
cycles. C denotes cement, S4 silica 4%, S8 silica 8% and S16 
silica 16%.

The good salt-scaling resistance of silica concrete can be 
seen in Figure 28. In this figure the loss of volume of air- 
entrained concretes is shown as a function of freeze-thaw
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cycles. All the concretes in this figure had the same air- 
entraining agent dosage of 0.025% by weight of cement.

SALT-SCALING (100 CYCLES)

AIR CONTENT (VOL-X)

Figure 29. Salt-scaling resistance of concretes tested at an age
of 35 days. Volume loss after 100 cycles. Test series II. C 
denotes cement, S4 silica 4%, S8 silica 8% and S16 silica 16%. 
The regression line with 95% confidence limits is also shown.

When silica was added to the concrete, it improved the salt
scaling resistance of concrete noticeably. This can be seen 
also in Figure 29. Here, the volume loss due to salt-scaling 
after 100 freeze-thaw cycles is shown as a function of the 
initial air content. From this figure we can see that silica 
addition reduces the scaling considerably. One can also draw 
the conclusion that an excess of air does not improve the 
salt-scaling resistance of concrete, but there seems to be 
an optimum air content. This optimum air content seems also 
to be lowered as silica dosage is increased. Only 0.5% of 
the variation in the volume loss can be explained by the 
variation in air content. Thus other factors are more 
important here.
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SALT-SCALING (lOO CYCLES)
SIUCA

18.0X

14.0X

10.0X

COMPRESSIVE STRENGTH (MPa)

Figure 30. The volume loss of concretes after 100 cycles of
salt-scaling test as a function of compressive strength at 28 
days. The number above each point is the air content. C denotes 
cement, S4 silica 4%, S8 silica 8% and S16 silica 16%.

The good salt-scaling resistance in these tests could be 
interpeted to be achieved through increase of compressive 
strength. This matter is considered in Figure 30. Here the 
volume loss is drawn as a function of compressive strength. 
From this figure it can be seen that compressive strength is 
not the most important factor in salt-scaling. Only 15.3% of 
the variation in the volume loss can be explained by 
variation in the compressive strength of concrete. Thus, the 
dosage of silica plays a much more important role here.
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SALT-SCALING (100 CYCLES)

m.ox

COMPRESSIVE STRENGTH (MPa)

Figure 31. Volume loss of concrete as a function of compressive
strength and air-content after 100 cycles of salt-scaling test.
The silica dosage (%) is given above each point.

These same results are also drawn in Figure 31. Here the 
concretes are grouped so that the air contents are nearly 
equal in each set. The first set is the concretes without 
air-entrainment. The second set consists of concretes with 
about 5 to 6% of air and in the third group the air content 
is about 7 to 8%. From this figure it can be seen that the 
loss of volume decreases as the strength increases and the 
air content is kept constant. The decrease is nearly linear 
with non air-entrained concrete and concrete containing 
about 5% air. The loss of volume also nears 0 when the 
compressive strength increases to about 55 MPa. With 
concretes containing more air this relationship is not as 
clear.
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SALT-SCALING (100 CYCLES)
SILICA

16.0X

SIUCA ADDmON (X-CEU.)

Figure 32. The volume loss of concretes after 100 cycles of 
salt-scaling test as a function of silica dosage. Test series 
II. 0, 0.02, 0.04 and 0.08 denote the dosage of Parmix L as % by 
weigth of cement.

The best correlation of the salt-scaling results was found 
for the silica addition in the concrete. Here, 61.2% of the 
variation in the volume loss could be explained by the 
variation in the dosage of silica. These results, together 
with the regression line are shown in Figure 32. These 
results indicate that silica addition clearly improves the 
salt-scaling resistance of concrete. Also, the effect of 
silica on the salt-scaling resistance is more than its 
effect on the strength of concrete.
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4.3.4-5 Freeze-thaw tests

FREEZE-THAW RESISTANCE (200 CYCLES)
SILICA

120%

110%

10,0%
AIR CONTENT (VOL-%)

Figure 33. Flexural strength of concrete after 200 cycles of 
freeze-thaw test compared with reference beams stored in water. 
C denotes cement, S4 silica 4%, S8 silica 8% and S16 silica 16%. 
The regression curve with 95% confidence limits is also shown.

All concretes, except SI-2, SI-3 and SI-4, showed good 
frost-resistance in freezing and thawing without deicing 
salts. This can be seen in Figure 33. The three mixes that 
showed poor resistance were the non air-entrained silica 
concretes. The test specimen of concrete SI-4 did actually 
deteriorate after 150 cycles. Also specimens of SI-3 and SI- 
2 had clear cracks forming from the bottom end of these 
beams after 100 cycles of freeze-thaw test. When these 
specimens were monitored more closely, it was found out that 
they had been put into the freeze-thaw machine so that their 
bottom end was in contact with water when freezing occured 
while other specimens were not. This being the case and 
because the cracking started at this same end of the 
specimens, it can be concluded that these results are not



93

comparable with the results of other specimens. However, it 
must be noticed that non air-entrained silica concrete 
continuously in contact with water is vulnerable to frost 
attack.

The concrete containing 16% silica with an air content of 
2.4% suffered also from the 200 cycles of the freeze-thaw 
test, but it could still be considered to be frost- 
resistant according to /69/. Here the reguirement is that 
after 100 cycles the flexural strength should exceed 67% of 
that of reference beams.

The correlation coefficient of the regression curve in 
Figure 33. squered is 0.465.

4.4 Discussion and conclusions

From these results it can be concluded that silica itself 
does not significantly increase the dosage requirement of an 
air-entraining agent, when silica content is less than about 
10% by weight of cement. However, because the use of silica 
means also that a plasticizing agent has to be used and this 
increases the dosage of the air-entraining agent, an extra 
amount of the agent is needed in silica concrete.

The results show that silica concrete has a better salt
scaling resistance than normal concrete. They also indicate 
that silica is more effective in increasing salt-scaling 
resistance than air-entrainment. According to these results, 
it could also be claimed that no air-entrainment is 
nesessary for silica concrete with a low water/cement—ratio. 
Here one has to remember, however, that the salt-scaling 
tests were done with small cubes carefully manufactured, 
vibrated and cured and these results can be misleading in 
actual practice.

The salt-scaling resistance of concrete correlated most 
closely to the silica addition and to a lesser amount to the 
strength and air content of concrete. From this it can be 
concluded that besides the air content, which in test series 
I was found to be the most important factor, also the 
strength of concrete and the impermeability play very 
important roles in salt-scaling resistance of concrete.
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The freeze-thaw tests made without deicing salts showed that 
the frost-resistance of all air-entrained concretes was 
excellent. Here, no difference could be seen between normal 
and silica concretes. However, the non air-entrained silica 
concretes suffered significantly in this test. One of the 
reasons for this was the wrong placement of these beams in 
the freeze-thaw machine, but anyway one can conclude that 
non air-entrained silica concrete continuously in contact 
with water is attacked by freezing. Also, the concrete made 
with 16% silica and only a small amount of air was on the 
edge of being classified as non frost-resistant. Thus we 
should limit the permissable amount of silica in frost- 
resistant concrete to about 10% by weight of cement.
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5 FIELD TESTS

After the laboratory tests had been performed, the question 
about the ageing of by-product concretes and its importance 
to frost—resistance was considered. In order to study this 
phenomenon in practical conditions, it was decided to take 
some cores out of concrete structures made with slag and 
silica. No fly ash concretes were studied here, because fly 
ash is not usually used in frost-resistant concretes in 
Finland. However, some of the concretes in this series were 
made with standard cement, which contains fly ash up to 25% 
by weight of cement.

5.1 Slag concrete

Slag has been used in concrete road building in Finland as 
a cement replacement, because slag is cheaper than cement, 
it gives better flexural strength and also better salt
scaling resistance of concrete. The first test road with 
slag replacement was built in Pargas during summer 1982. 
Here several different mix designs were tested. The ones 
considered here were the mixes, which had the same total 
binder amount and the same air content. The first one of 
these was made using portland cement only and the second 
using a slag replacement of two thirds of the total binder 
amount.

The road was built using a slip-form paver. Before and 
during the paving, tests were made on air content, 
compressive strength, protective pore ratio and flexural 
strength of concrete. Compressive strength of concrete was 
also tested from cores taken out from the road by diamond 
drilling. No freeze-thaw or salt-scaling tests were 
performed at the time. Results of these tests and the mix 
design of these concretes are shown in TABLE 14.



TABLE 14. Mix design and test results of slag concrete in field 
test. Concrete road at Pargas.
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Concrete

2 (Cement) 6 (Slag)
3Mix proportions kg/m

Cement 350 140
Slag 0 210
Water 147 147
Parmix L %-cem. 0.055 0.055
Melment L10 %-cem. 3.0 3.0

Properties of fresh 
concrete

Air content % 3.4 3.2

Slump mm 10 50

Properties of hardened 
concrete

Compressive strength MPa 
- cast specimens
— Id 23.2 5.9
— 3d 32.0 15.3
— 7 d 38.3 37.5
—28 d
- drilled cores

43.8 50.7

—91 d 49.0 71.2
— 1 year 61.4 73.0

Flexural strength MPa
- 28 d 5.9 6.5
- 91 d 6.8 7.7

Protective pore ratio % - 17

In late summer 1989, cores with a diameter of 100 mm were 
drilled in both concretes. Six cores were taken from both 
concrete types. From these specimens one was used to measure 
the compressive strength, two for determining the depth of 
carbonation and optical analysis of pore structure and three 
for the salt-scaling resistance measurements. The 
measurements of carbonation depth and the optical analysis 
were carried out at Thecnical Research Center of Finland at 
Concrete and Silicate laboratory /70/. The results are shown 
in TABLE 15.



TABLE 15. Test results from the concrete road at Pargas after 7 
years of outdoor exposure.
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Concrete

2 (Cement) 6 (Slag)
3Mix proportions kg/m

Cement 350 14X)
Slag 0 210
Water 147 147
Parmix L %-cem. 0.055 0.055
Melment L10 %-cem. 3.0 3.0

Properties of concrete 
after 7 years exposure
Depth of carbonation mm 0.4 - 15 0.2 - 5

Air content % 2.3 3.4

Spacing factor mm
-Powers 0.18 0.21
-pores <800 дт 0.13 0.11

Compressive strength MPa 57.5 70.0

Salt-scaling resistance 
Volume loss %
- 10 cycles 0.8 0.2
- 25 cycles 1.8 0.2
- 50 cycles 5.5 1.0
- 75 cycles 11.2 2.2
-100 cycles 39.3 3.7

The results show that slag concrete is after 7 years of 
outdoor exposure less carbonated than corresponding cement 
concrete. Its compressive strength is also over 10 MPa 
higher than that of cement concrete. The air content of 
hardened slag concrete was at the same level as in 
corresponding fresh concrete while normal concrete had lost 
about 1% of air. In spite of this the spacing factor of 
cement concrete was less than that of slag concrete.
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SALT-SCALING RESISTANCE
PARGAS FIELO TEST

Figure 34. Salt-scaling resistance of a concrete road. Slag and
cement concrete at Pargas after 6 years of outdoor exposure.

The salt-scaling resistance of slag concrete was also better 
than that of cement concrete. This can be seen also in 
Figure 34. The loss of volume after 100 cycles salt-scaling 
test is merely 3.7% for slag concrete while the 
corresponding value for cement concrete is 39.7%. Thus it 
seems that aged slag concrete is more salt-scaling resistant 
than corresponding cement concrete according to these tests 
on a road in south west Finland.

It could also be seen, that the scaling was most intensive 
on the cut surfaces of the test cylinders, while the upper 
surface remained nearly undamaged during 100 cycles. This 
indicates that the drilling of the cores can lead to 
microcracking of the specimen, which then leads to scaling.
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5.2 Silica concrete

Silica has been used in edge beams of concrete bridges in 
Finland since 1983. The first edge beam with silica was cast 
at Kirkkojärvi-bridge on the Helsinki - Turku-highway on 
30.11.1983. A larger amount of edge beams with silica were 
manufactured in the Pori Länsitie-project during 1984. In 
both of these cases the salt-scaling resistance of the cast 
concrete was studied. The mix designs and test results 
gained during casting these objects are shown in TABLE 16.

In summer 1989, cores with a diameter of 100 mm were drilled 
from the edge beams of Kirkkojärvi-bridge and Karjaranta- 
bridge at Pori. In the first bridge one of the edge beams 
was made with silica concrete and one with normal concrete. 
The proportioning and properties of normal concrete have not 
been available to the author. In Pori only silica concrete 
was used. The depth of carbonation, amount of water soluble 
chloride, compressive strength, capillary water absorption, 
optical analysis of air pore structure, analysis of 
microstructure and salt-scaling resistance of the concretes 
was studied. These results are given in TABLE 17. The salt
scaling resistance of Kirkkojärvi bridge edge beams could 
not be measured, because the bridge was widened and thus 
these edge beams were torn apart before the cores for this 
test were taken.



TABLE 16. Mix designs of edge beams of concrete bridges at 
Kirkkojärvi and Pori Länsitie (Karjaranta). Test results of 
concrete while cast.
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Bridge

Kirkkojärvi Karjaranta

Mix proportions kg/m3
Cement 353 360
Silica 28 29
Water 144 170
Parmix L %-cem. 0.03 0.10
Melment L10 %-cem. 1.0 —
Parmix N %-cem. - 2.0
Aggregate 1890 1755

Properties of fresh
concrete

Air content %
- at ready-mixed plant 7.0 —
- at site 5.8

Slump mm 75 -

Properties of hardened
concrete

Compressive strength MPa
- at 7 days 36.0 —
- at 28 days 47.5 48.6

Protective pore 
- minimum

ratio %
26

- average 24 31
- maximum 38

Salt-scaling resistance
Volume loss 
- 10 cycles

%
0.0 0.2

- 25 cycles 0.3 0.5
- 50 cycles — 1.5
- 75 cycles — 3.7
-100 cycles 6.5



TABLE 17. Test results of edge beams of concrete bridges at 
Kirkkojärvi and Pori Länsitie (Karjaranta) after 5 years outdoor 
exposure.
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Bridge

Kirkkojärvi Karjaranta

Silica Cement Silica

Mix proportions kg/m3
?Cement 353 360

Silica 28 7 29
Water 144 7 170
Parmix L %-cem. 0.03 7 0.10
Melment L10 %-cem. 1.0 7 —
Parmix N %-cem. - 7 2.0
Aggregate 1890 7 1755

Properties of concrete 
after 5 years exposure

Air content % 3.3 - 8.4

Spacing factor 
-Powers

mm
0.20 _ 0.17

-pores <800 /xm 0.12 — 0.09

Compressive strength MPa 66.2 65.4 58.7

Chloride content 
- 0-10 mm

%
0.26 0.13 0.02

- 25-35 mm <0.01 0.01 <0.01

Capillary water absorption
-Protective pore ratio % 27 30 40
-Total porosity 1/m 175 196 198
-Coefficient of resistance
to water
absorption s/min 13.23 80.42 17.68
-Capillarity
factor kg/in 0.008 0.008 0.009

Salt-scaling resistance
Volume loss 
- 10 cycles

%
— — -1.1

- 25 cycles — — 0.6
- 50 cycles — — 1.9
- 75 cycles — — 19.0
-100 cycles 20.2
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Analysis of the microstructure was made at the Concrete and 
Silicate Laboratory at the Technical Research Centre of 
Finland (VTT) /71/. The analysis of normal concrete at 
Kirkkojärvi brigde showed the following results: concrete 
contained no silica, fly ash particles were noticed, 
concrete was air-entrained, crystals had gathered in pores 
to such an extent that parts of the smallest pores had been 
filled, very slight network type microcracking was observed 
in cement stone and depth of carbonation ranged between 150 
- 1100 дт and was on an average 420 дт.

Analysis of the microstructure of silica concrete at 
Kirkkojärvi bridge showed the following: the specimen was 
slica concrete, concrete was air-entrained, pore were rather 
evenly distribuated, but some larger bubbles existed, a 
slight amount of crystals had gathered into the pores, a 
crack, perpendicular to the surface, reached to a depth of 
about 5.5 mm from the surface, frost cracking reached to a 
depth of about 150 дт on the surface, slight network type 
cracking was observed in cement stone, mostly near the 
surface and the depth of carbonation ranged between 0 - 400 
дт and on an average 100 дт, at the observed crack about 5.5 
mm.

Analysis of the microstructure of silica concrete at 
Karjaranta bridge showed the following: the specimen was 
silica concrete, the concrete contained fly ash particles, 
a crack, perpendicular to the surface, reached to a depth of 
about 2.5 mm from the surface, the concrete was air- 
entrained, moderate network type cracking was observed in 
cement stone, mostly near the surface to a depth of about 5 
mm and depth of carbonation ranged between 0 - 860 дт and on 
an average 250 дт, at the observed crack about 2.5 mm.

The depth of neutralisation measured by means of 
fenolphatalen was greater than the depth of carbonation 
observed in microstructure analysis for silica concretes. 
The depth of neutralisation was deeper in silica concrete at 
Pori, but less in silica concrete in Kirkko järvi than in 
normal concrete in the same bridge. Carbonation of normal 
concrete had reached deeper into the concrete than in silica 
concrete.



103

All the studied specimens contained network type 
microcracking. Microcracking was observed more in silica 
concrete. These cracks were thought to be formed due to the 
shrinkage of concrete.

SALT-SCALING RESISTANCE
PORI FIELD TEST

Figure 35. Salt-scaling resistance of edge beams in Karjaranta
bridge on Länsitie at Pori. Cast denotes cubes cast and tested 
in 1984, drilled denotes the cores tested in 1989 and 5 out of 
6 denotes the drilled cores excluding no 5.

The salt-scaling resistance of edge beams in Karjaranta 
bridge at Pori after 5 years outdoor exposure is compared 
with the tests made with cast test specimens 100*100*100 mm3 
in size made during casting the Länsitie bridges. This 
comparision is shown in Figure 35. From this figure we can 
see that the salt-scaling resistance of silica concrete is 
as good after 5 years outdoor exposure as it was originally 
without any ageing treatment. However, one of the drilled 
cores disintegrated totally between 50 and 75 cycles. No 
clear reasons for this behaviour could be found. This result 
indicates that all the concrete in these edge beams is not
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homogenous, but can contain places of weakness or lack of 
frost-resistance.

It could be seen, that the scaling was most intensive on the 
cut surfaces of the test specimens, while the upper surface 
was nearly undamaged after 100 cycles. This gives reason to 
believe that the drilling of the cores leads to 
microcracking near the cut surface, which then leads to 
scaling during the test. The aged upper surface did not 
suffer during 100 cycles of salt-scaling test indicating 
that ageing is not a problem for this kind of silica 
concrete. Thus, it can be concluded that outdoor exposure 
does not decrease the salt-scaling resistance of silica 
concrete to any great extent.

5.3 Discussion and conclusions

These field tests have been made using normal casting 
procedures, without any extra quality control or extra care 
in manufacturing. The concretes have been mixed at normal 
ready-mixed concrete plants, cast according to standard 
systems, cured with normal methods and aged under normal 
outdoor exposure.

The results obtained here indicate that silica concrete can 
be more vulnerable to microcracking than normal concrete, 
but the reason for this could be the drilling of the cores. 
When concrete cores are drilled from the structure, drilling 
can cause microcracking to the surfaces of the specimen and 
the further manufacturing of a thin slice for microscopic 
analysis can increase this cracking. Also, during salt
scaling tests the scaling becomes more intensive on these 
cut surfaces. Thus, it is very dangerous to draw final 
conclusions based only on microscopic analysis of small thin 
slices of concrete. One other possible reason for the 
microcracking of silica concrete could be the larger plastic 
shrinkage of silica concrete.

The salt-scaling resistance of slag concrete was found to be 
better after 7 years of outdoor exposure than that of normal 
concrete. Also, the silica concrete did not suffer any lack 
of salt-scaling resistance after 5 years outdoor exposure. 
However, one of the six drilled test specimens of silica
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concrete disintegrated during the test, indicating at least 
local lack of salt-scaling resistance.

The results show that the ageing in outdoor conditions in 
Finland is not so harmful to concrete containing by
products, as has been claimed by laboratory testing of 
artificially aged concrete< • .
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6 CONCLUSIONS

In this study, the frost-resistance of concrete containing 
mineral by-products has been investigated based on the study 
of pertinent literature, laboratory tests and field tests. 
The results can be summarized as follows.

Addition of silica increases the frost-resistance of 
concrete. This influence is larger than the influence of 
silica addition on the strength of concrete. However, high 
strength silica concrete also has to be air-entrained to 
ensure good frost-resistance in practice.

Frost-resistance of concrete is not affected by the use of 
slag or fly ash, when the air content and strength of 
concrete are kept constant.

Air content of concrete is the most important factor 
influencing the frost-resistance of concrete. However, an 
optimal air content can be found, above which an increase in 
the amount of air results in an decrease in frost- 
resistance. This optimal air content seems to decrease when 
the strength of concrete increases, or silica fume is added 
to the concrete. Thus, also strength and impermeability of 
concrete have significant effects on the frost-resistance of 
concrete.

Different testing methods for frost-resistance of concrete 
give differing results for different concretes. This is 
propably also one reason why differing opinions of the 
influence of mineral by-products on the frost-resistance of 
concrete can be found in previous studies. A more profound 
knowledge of the mechanism of frost attack is still needed 
to be able to construct a reliable test for the frost- 
resistance of concrete in actual practice.

All mineral by-products increase the dosage requirement of 
an air-entraining agent to give a certain amount of air. In 
the case of silica this is more closely related to the 
functioning of the plasticizing agent needed in silica 
concrete than silica itself.
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The stability of air-entrainment is better with silica 
concrete than with normal, slag or fly ash concrete. The 
loss of air increases relative to the increasing amount of 
originally entrained air. The air pore structure is not 
influenced by the use of mineral by-products, when the air 
content is kept constant.

Problems with the frost-resistance of concrete have been 
encountered when excessive amounts of mineral by-products 
have been used in laboratory tests. Thus, we should limit 
the allowed amounts of ground granulated blast-furnace slag, 
pulverized coal fly ash and silica in frost—resistant 
concrete to 50%, 25% and 10% by weight of portland cement, 
respectively.

The ageing of concrete containing mineral by-products, can 
alter the behaviour of concrete under freeze-thaw 
conditions. The tests made in actual outdoor exposure over 
a 5 to 7 year period, indicate that this is not as big a 
problem as has been claimed, according to laboratory tests 
made with artificially aged concretes. However, this matter 
needs to be studied in still more detail and with longer 
periods of exposure on actual structures.
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