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Preface. 

The RILEM Committee TC-117 FDC -Freeze-Thaw and De-icing Resistance of 
Concrete:-started its workwith a first meeting that was hel d in Essen in May 1990. A 

second meeting was held in Brighton in November the same year. 

During both meetings, some differences in opinion were disc10sed concerning the effects 
of different externai and internai factors on the de-icing resistance and concerning the 

manner in which a relevant de-icing resistance test should be made. Therefore, it was 
decided that a one-day seminar should be held during the third meeting of the committee 

in order to givethe committee members the possibility to present their results and to 
express their opinion concerning the salt-scaling problem. This third meeting was held in 

Lund on June 27-28, 1991. The research seminar was held on the first day of the meeting. 

This report contains all the manuscripts that were delivered by the speakers af ter the 
seminar. Some oral presentations were not followed by written manuscripts, however. 

Some manuscripts included in this report have been or wlll be published elsewhere. 

We think that this collection of papers will be of considerable value for the future work 
within the RILEM Committee and also for other research workers which take interest in 

the salt-scaling problem. 

Göran Fagerlund 

Professor 

Lund Institute of Technology 

Max Setzer 

Professor 

University of Essen 

Chairman of RILEM Committee TC-117 FDC 



-5-

BASIC PHENOMENA OF FROST ACTION 

Max Setzer 

University of Essen 
Essen, Gerrnany 



-7-

BASIC PHENOMENA OF FROST ACTION 

Prof. Setzer 
University Essen, Universitätsstr. 15, W-4300 Essen 1, Germany 

ABSTRACT 

The special behaviour on freezing and thawing of pore solution in concrete is out­
lined. Special attention is given to the non-macroscopic effects. The amount of 
freezable water, the effect of desorption, the influence of deicing chemicals and 
transport phenomena are discussed. Conclusions for the test procedures are drawn. 

1 . I NTRODUCTION 

The freeze thaw and deicing salt test can only be optimized properly and developed 
into a reliable procedure if the factors affecting the resultsare analysed on the basis 
of the physical behaviour of pore water and the microstructure of concrete. It deviates 
from macroscopic experience significantly due to the highly dispersed microstructure. 
Especially the freezing point ()f pore water is depressed significantly depending on 
pore· size and salt content. Changes in surface tension lead to additional stress. The 
transport phenomena of water and of dissolved ions in the. structure are complex. 

Up to now in testing the freeze thaw durability it has been primarily attemted to copy 
outdoor conditions in the laboratory. However this is possible only in a very restricted 
manne r since climatic variations are extremely high. The reaction of concrete to the 
changes in environmental conditions are only predictable if the special micro­
structural behaviour is taken into account. The the amount of freezable pore water 
depends on the degree of water saturation, temperature, structure and the concentra­
tion of the dissolved deicing chemicals in eonerete. If during the test one of these 
parameters is allowed to vary the test result will be unpredictable. 

In the following contribution a short summary of the present basic knowledge will be 
outlined and the necessary conclusions shown. 

LUNDl.DOC 
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2. FREEZING OF PORE WATER 

Both a depression of freezing point and a supercooling of pore water are observed. 
The depression of freezing point is reproducible dependent on the microstructure and 
surface physics. Supercooling is a statistical effect with arandom decrease in freezing 
point dependent on heterogeneous and homogeneous nucleation processes during the 
cooling period. 

For the depression of freezing point the Clausius Clappeyron equation (1) 

~ 
åT 

~h 

T~v 

~s åT = ~v åp 

(1) 

(la) 

must be modified by a term taking into account the change of surface energy during 
freezing. 

(2) 

(2a) 

In these equations ~h is the molar heat of fusion, ~s, ~v and ~'Y are the change of 
molar entropy, molar volume and specific surface free energy on freezing 
respectively. 'Y is the specific surface free enegrgy, T the absolute tempereture, v the 
molar volume and Rh the hydraulic radius i.e. the volume to surface ratio. The index l 

stand for liquid water, i for ice and s for the solid matrix. 'Ysl is therefore the specific 

surface free energy between solid matrix and pore water. 

If the molar heat of fusion ~h = ~s/T is constant and if a cylindrical pore shape is 
assumed (pore radius r = 1/2*Rh) equation 2a can be integrated to 

[L]_ 2 ~'Y v 
In To - - ~h r (3) 

which is the Volmer equation for depression of freezing point [18]. In concrete 
neither ~h is constant nor the shape is cylindrical. Therefore equation 2a has to be 
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inte grate d numerically. An attempt has been made by Brun et. al. [8]. Here too a 
temperature dependency of .:l'}' is found for water 1 

= {40,9 + 0,39 (T - To)} mJ/m2 (4) 

Brun etal. also took into account the entropy ch ange of phase transition with tempe­
rature as can be ca1culated on the basis of the heat capacities of bulk water and ice. 
The depression of freezing point on this basis is plotted in figure 1. 

12 

lO 

8 

6 

4 

2 

O 

- nach Brun 

O 10 20 30 40 50 
Depression of freezing point o C 

Figure 1. Depression of freezing 
point in porous systems following 
Brun etal. [8]. 

Differential scanning calorimetry (DSC) is used to determine freezing and melting 
points as weIl as enthalpies and. heat capacities. Sellevold and Bager [3] have studied 
hardened cement paste (hep) adopting this method. We have used the combination of 
water vapour sorption and DSC to correlate pore water content, pore size distribution 
and freezing points [9,16]. It was found that on desorption below 50 % r.h. no phase 

1 These rather small values can only explained if an unfrozen water layer between the solid and the 
pore ice exists. Its thickness is one to three monomolecular layers. (A discussion of this film is found 
in [3].) For a water droplet in air I~:Y would be approximately ten times larger. Therefore droplets of 
the same size as water in gel pores would not freeze as supposed e.g. by [2]. 
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transition is observed, i.e. all transitions can be attributed to "prestructured con­
densate" in accordance with the thermodynamic considerations. The narning of this 
water is justified by the following DSC analysis. 

l 3 

2 

2:: 

~ 
E 

./ -20"C 
-~C 

-4(fC 

0.04 
~ 
2:: 

j 0.03 

OL-~~--~----~~--O----~20 
-60 -40 

T~cru-8 ·C 

A B 

Tf' °C -39,4 -31,0 

Ef, J/g 4,7 2,8 

Tm, °C -24,6 -14,0 

Em, J/g 2,5 0,7 

f - 1,7 2,3 

Figure 2. DSC plots 
of scanning cycles with 
different reversal tempe­
ratures Te and three 

characteristic difference 
plots of heating curves 
(hep, w/c == 0,5, stored at 
96% r.h.) 

C 
-23,7 

3,0 

-9,2 

0,8 

2,7 

Table 1. Transition temperatures T (freezing f, melting m), transition energies E 
related to the specimen weight, and shape factor f for the phase transitions 
A, B, C of prestructured condensate [7] . 

We have recently developed a cyclic scanning method to desmear the heating curves 
[5,6,7], Thus the enthalpy changes during heating can be resolved and compared. For 
this purpose cooling and heating cycles were measured between 20°C and a lower 
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reversal temperature Tc• The reversal temperature was increased with every cycle 
from -70oe to ooe in steps of 2°e. 

The difference curves are obtained by subtracting two adjacent heating curves - in the 
plot they are characterised by the two reversal points. Using this procedure we found 
three distinct ph ase transitions of pore water (table 1) in addition to the normal bulk 
transition and the second order transition of adsorbed films at -90°e. 

The transition enthalpies the pore water itself can only be estimated since it is not 
easy to determine the correct amount of water which freezes at each transition point. 
Values of about 80 J/g(pore water) were calculated. This is much less than expected 
from macroscopic calculations (e.g. af ter Brun et al. 126, lSS and 187 J/g for the 
transitions A, B, e respectively). Thus the entropy change during freezing is much less 
than assumed in a serni-macroscopic calculation. X-ray diffraction investigations [2] 
prove that the pore ice is normal ice Ih. The entropy of pore water must therefore be 
small er. This is reasonable since the water in adsorbed films is highly structured as 
stated in [1] for adsorbed films. For water it is assumed by [20] that on the innternal 
surfaces there are one to three molecular layers which are strrongly structured by the 
surface interaction followed by a disordered 'mismatch zone'. Further from the 
surface the water assumes bulk properties characterised by clusters of molecules 
connected by hydrogen bonds. Bulk water is e.g. described by the flickering cluster 
model of Nemethy and Scheraga [13]. The structuring explains both the reduced 
transition energies and the distinct phase transitions. It would also mean that there 
are stable and less stable structures depending on pore size. 

3. DESORPTION AND FREEZING 

Sirnilar to freezing capillary, condensation depends on the pore radius. Taking into 
account the surface film a modified Kelvin equation is found for condensation 

= (S) 

(where J.L is the chemical potential, R is the ideal gas constant, and 'Yw the surface 

energy of water, .1'Ys a increase in surface energy due to the solid liquid surface 

interaction and p/Po the relative humidity. For more details see [IS].) 

Equation 3 and S show that water in larger pores is freezed first or desorbed first. 
According to this macroscopic approach one would expect that on desorption the 
phase transitions should disappear at certain relative humidities (and vice versa on 
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adsorption) since both are related to certain pore radii. As can be seen in figure 3 the 
amount of water which freezes steadily reduces on desorption for all three transitions. 
This behaviour could be explained by microstructural changes, i.e. on desorption the 
total amount of mesopores reduce simultaneously. It can be explained by the action 
of disjoining pressure (15]. 

It should be kept in mind that below 50 % r.h. there is still a large amount of physi­
cally bound water in hep. This water is contained in pores where a first order phase 
transition is impossible due to high prestructuring. A second order phase transition 
has been observed in a study of the dynamical elastic modulus [19,20] . 

5 
• T ra'lsdion 1 
A T rQ"'lSItion 2 
o Transllion 3 

Adsorption 

Desorption 
• 
" I 

,.I' , , 
I ' 

I " 

" " 

... ---------
,,' 

_-----i' 

°roL-----~~------~~~----~~~----~to 

Relative .l'UnIdity % 

Figure 3. Heats of transitions related to the weight of the hep sample for desorp-
tion and adsorption [7] . 

4. INFLUENCE OF DEICING AGENTS 

Deicing agents, e.g. NaCl, influence the surface interaction significantly. From DSC 
studies three effects of salt concentration can be noted [4]: 

1. The freezing point depression due to chiorides superimposes on the depression of 
freezing point due to surface interaction both for the bulk transition and the 
transitions of prestructured water - figure 4. 

2. The transition enthalpy is lowered and the transition peaks are broadened until 
they vanish completely at high salt concentrations. This again can be seen as a 
superposition of the disturbance due to salt ions with that of surfaces. In addition, 
salt ions have to be transported since ice contains only negligible amounts. They 
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are located preferably in the unfrozen interfacial water. (The study of dynarnical 
elastic modulus leads to this conclusion too [20].) 

o------------------------~ 
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OSaturated Ca(OH)2 
solution 

o NaCl solution 
6 CaCl2 solution 

Figure 4. Bulk 

u-lO 
o 

o 

water freezing point 
and prestructured 
transition A (-39°C) 
as function of 
chloride ion concen­
tration with liquidus 
and solidus lines for 
aqueous N aCl and 
CaCl2 solutions [6] 
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3. Desorption of specimens stored in salt solutions of different concentration pro­
duced sharpening of the previously smooth s-shaped curve for the low tempera­
ture transition energy - figure 5. Two opposed effects can explain this behaviour 
[4]: 

On desorption the concentration of the pore solution increases which lowers the 
transition enthalpy.· 
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Figure 5. Transition energy 
of prestructured water at the 
transition temperature -39°C 
as a function of relative 
hurnidity af ter storage in salt 
solutions [6] . 

Salt reduces the vapour pressure of the pore water causing emptying to occur at 
lowered relative hurnidities. 

Above a concentration of about 1 mole Cl/l nochange of this enthalpy is found; the 
transition vanishes. 

5. TRANSPORT OF WATER AND DEICING CHEMICALS 

There are several transport phenomena superimposed during frost action. Therefore 
only the most signifficant points are considered. Volkwein [17] has discussed this 
subject in detail. 

1. If the relative hurnidity is below the saturation point, water vapour transport 
occurs. In larger pores this gas transport is only depends on the pore volume and 
the difference in vapour pressure. The pore size distribution can be neglected 
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until the mean free path lengthof a water molecule is smaller than the pore 
radius. In smaller pores a Knudsen flow takes place which can be neglected. 
However as a rule these pores contain condensed water. Therefore here transport 
takes place in the liquid. 

2. The most efficient transport is in the liquid phase. It can be generated e.g. either 
by pressure or temperature differences or bycapillary suction. 

The temperature difference causes a transport from hot to cold. Since under 
normal test conditions there is allways a considerable amount of unfrozen water, 
this type of transport is possible even below 0° C. If in a test procedure the 
temperature gradient in the specimen is not defined, an unknown transport 
occurs. Therefore a lateral thermal isolation is meaningful with a defineduniaxial 
cooling and heating. 

Capillary suction is a physically weIl defined process. It is therefore advfantegeus 
to produce a defined degreeof saturation. 

On freezing it must be taken into account that the coefficient of thermal expan-. 
sion of water is nearly one order of magnitude larger that of ice or of the solid 
matrix. Therefore a pumping effect due to this must be considered especially if 
the anomaly of water on freezing and the hysteresis between freezing and thawing 
is taken into account. 

Deicing chernicals can be sucked up with water or diffuse within the water following a 
concentration gradient. However, Volkwein (17] showed that the coefficient of 
diffusion is so extremely small, that a diffusion process is as a rule completely sur­
passe s by other phenornena, e.g. suction due to hydration even in mature concrete. 
Therefore if the specimen is nearly water saturated an uptake of deicing chernicals is 
mostly related to second order effects which cannot be coritrolled precisely enough by 
a test procedure. 

6. CONSEQUENCESFOR TEST PROCEDURES 

On the basis of the characteristic behaviour of pore solution during freezing and 
thawing some conclusions for testing can be drawn. 

1. The amount of freezable water must be taken into account. Fagerlund [11] has 
already made clear that a critical degree of saturation exists. For a test procedure 
a defined degree of saturation should be established. This can be achieved e.g. by 
capillary suction. Previously the sample should be stored so that the freezable 
water is removed at least near the surface. Drying at relative hurnidities below 
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60% is sufficient for this. Le. no special clima chamber is necessary. Laboratory 
conditions are sufficient. 

2. The minimum temperature at the tested surface is essentiai since it defines the 
atio of frozen and unfrozen water. The deviation from minimum temperature 

should be kept as small as possible. A tolerance below + - 0.5 K seems realistic -
it must be below + - 1 K. 

3. The temperature attack should be uniaxial. Therefore all the sides of the 
specimen except the tested surface must be thermally isolated. Otherwise the 
temperature gradient especially in air cooled clima chambers is unpredictable. 
(Cooling could take place over the bottom side too.) 

4. The deicing chernicals must be sucked up with the water. Diffusion processes are 
too uncertain. Therfore presaturation of the specimen with water is not meaning­
ful. 

5. A 3% sodium chloride solution is most detrimental. 
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DEFORMATION AND DETERIORATION OF CONCRETE 
AT LOW TEMPERATURES 

(Reprint from Proceedings of JSCE, No.420, 1990) 

Takashi MIURA Do Heun LEE 

SYNOPSIS 

Under low temperatures, some concrete structures suffer serious deterioration. 
This is due to the ice formation in concrete micropores, which cause s 
microcracking and loosens concrete microstructure. Based on this observation, we 
investigated deterioration of concrete subjected to cyclic cooling and heating 
of various temperature ranges. The two major findings are: (1) residual strain 
of concrete is in good correlation to its relative dynamic modulus of elasticity 
and (2) there are well-defined temperature ranges which govern the progress of 
deterioration. Qualitative and quantitative analyses are made on these 
observations. 

T. MIURA is professor of civil engineering at Tohoku University, Sendai, Japan. 
Re received his Doctor of Engineering Degree in 1980 from Tohoku University. Ris 
research interests include properties of reinforced concrete at very low 
temperatures, durability of cryogenic concrete, durability of reinforced 
concrete members, and cracking phenomena in steel framed reinforced concrete. Re 
is a member of American Concrete Institute, Japan Society of Civil Engineers, 
and Japan Concrete Institute. 

D.R. Lee is research associate of civil engineering at Tohoku University, 
Sendai, Japan. Re received his Doctor of Engineering Degree in 1991 from Tohoku 
University. Ris research interests include durability of concrete structures. Re 
is a member of Japan Society of Civil Engineers. 
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1. INTRODUCTION 

Durability is one of the indispensable properties required for a concrete 
structure. However, concrete deteriorates under various severe environments, 
such as repetition of freezing and thawing. There are a number of concrete 
structures under envifonments which may cause serious deterioration. 

In a cold region, a concrete structure is subjected to freezing and thawing. 
Even in a warm region, a particular concrete structure is used under low 
temperatures; for example, a storage tank of LNG (boiling point _1620 C) or LPG 
(boiling point -450 C), a bar ge hull, or secondary structures to prevent spill 
from a primary tank.· Recently, materials indicating superconductive properties 
near boiling point (_196°C) of Nitrogen have been developed. Concrete will be 
applied at least, as a part of a structure which bears low temperature loads, 
such as a Superconductive Magnetic Energy Storage (SMET). 

Concrete changes its mechanical properties in various aspects when it is cooled 
till very low tempera ture. It is known that the change is mainly due to the 
freezing of water in concrete; since phase transition from water to ice leads to 
about 9% expansion by volume, internal microcracks are initiated in concrete. 
And repetition of cooling and heating progress the deterioration of concrete, by 
continuous initiation or propagation of the cracks. 

Deterioration of concrete is influenced byarange of temperature cycles, i.e. 
what temperature it is cooled and what temperature it is warmed. It is shown 
that although concrete can expand 5ven under cooling, it shrinks almost linearly 
to temperature decrease below -50 C; see [1],[2]. Hence, the temperatures which 
causes considerable deterioration in concrete is to lie between normal 
temperatur e and _50 0 C. 

Based on this observation, we investigated deformation and deterioration of 
concrete when it was subjectedto clclic cooling and heating of various 
temperature ranges between normal and -70 C. All experiments were carried out in 
air sueh that water would not be absorbed into concrete specimens, and 
nondurable Non-AE concrete was used to accelerate deterioration. 

Non-linear strain behavior under cooling may be viewed as a sign indicating 
deterioration, since it reflects internal expansion due to ice formation. 
Therefore, measuring strain behavior for cement paste, mor tar , and aggregate 
under cooling and heating, and we monitored their deterioration such that their 
contribution to the concrete deteriorations could be clarified. 

2. TEST PROCEDURE 

In the present experiments, we used high early strength portland cement similar 
to ASTM Type III (specific gravity: 3.13), fine aggregate (specific gravity: 
2.56), and crushed stone coarse aggregate (specific gravity: 2.87). Mix 
proportions of concrete are shown in Table 1, and mortar and paste used in the 
experiment have the same water cement ratio as concrete. 

Figure 1 illustrates a typical experimental procedure. Figure 2 shows demensions 
of concrete, mor tar , and paste specimens which were used for strain 
measurements. For measurement of temperature and strains, two thermocouples were 
mounted, one inside and the other on a surface, and strain gages were attached 
on opposite surfaces. For measurement of dynamic modulus of elasticity a 
specimen without thermocouples and strain gages was used. 
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Table 1 Mix proportions of concrete 

Gmx SlUIIP Air Ii/C s/a Dnit Content (kg/~) 

(-) (CIl) (%) (%) (%) Ii C S G 

25 1l±1 2±O.5 56 42 194 346 725 1125 

In order to avoid moisture losses during tests, all specimens were coated just 
af ter being taken out from a storage pool. The rate of moisture content change 
in concrete was observed to be less than 2% till 30th cycle, and hence the 
moisture loss during test was negligible. 

A typical pattern of cooling and heating is shown in Figure 3. The maximum 
cooling and heating rate were O.35°C/min, O.900 C/min, respectively. During 
cgoling, temperature difference between the surface and the inside was less than 
5 C for concrete specimens, and 20 C for mortar or paste specimens. 

Temperature of specimen was calculated as an average of those measured on the 
surface and inside (this treatment was verified from preliminary experiments 
which investigated internal temperatur e distribution of specimen). Measured 

Plaeing of Concrete. 
F ix i ng 01 Thenocoup i e i n lhe Cen ler 
of Speciaen for Straln Measureaent 

Al laeh.ent of Strain Gaule and Thenocouple on 
tbe Surf.ce of Speclaen for Stuln Measureaent 

y 

Fig.1 Flow chart of testing procedure 

(a) Concrete Specimen 

(b) Mortar and Paste Specimen 

Fig.2 Prism specimens for strain 
measurement 
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Fig.3 Temperature cycle for specimen 
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strain in the surface was regarded as average strain of the specimen. We 
considered a relation between the average strain and the average temperature. 

Dynamic modulus of elasticity was measured af ter every five cycles and until 
30th cycle. When relative dynamic modulus of elasticity was below bO%, the 
experiment was terminated. 

3. RESULTS AND DISCUSSIONS 

3.1 Theoretical background 

If it is trapped in a micropores, water does not always freeze at OOC. From 
measurement of enthalpy variation associated with cooling temperature on cement 
paste specimens, it is shown that free water freezes graduallyas temperature 
goes down from _4°C to _90oC [3]. Depression of freezing point depends on the 
pore size, as shown in Figure 4 [4]; pore distribution in concrete used in this 
study is also presented. It should be noted that depression of freezing point is 
influenced by other factors, such as supercooling, chemical impurity in pore 
water, or surface energy interaction between water molecules and pore wall [5]. 

Although dried concrete exhibits a linear thermal deformation, water saturated 
concrete does a non-linear one. Figure 5 shows a typical strain behavior of­
water saturated concrete from normal to -19boC. The concrete exhibits a non­
linear thermal deformation, though it only contracts in a linear fashion below -

700 C [b]. Hence, we can assume that 
temperatures below _70oC have no con­

- l 

.. 
. ~ - 10 

] 
-100 

20,----.----,-----.----,----, 

16 

12 

10 1 10' lO' 10' 10' lO' 

Fig.4 Relation between pore diameter 
and freezing point 

siderable influence on deterioration 
of concrete. Based on the above facts, 
this study restricts cyclic tempera­
turÖ ranges to lie between normal and 
-70 C • 

-1800 

- -1500 , 
:: 
x 
- -1000 

.= II 

~ - 500 

O~~-----750~---1~O~0---~15~0~--7196 
Surface TeJlperature ('C) 

Fig.5 Typical relation between strain 
and surface temperature 

3.2 Effect of the minimum cooling temperatur e 

There are 
subjected, 
range. To 

various temperature ranges 
and possible deterioration 
identify temperature ranges 

to which a concrete structure can be 
of concrete depends on the temperatur e 
which cause serious deterioration, we 
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Fig.6 Relation between strain and temperature 
for various minimum cooling temperatures 

carried out a series of experiments with varying the maximum or minimum 
temperatures. Figure 6 shows a typical strain behavior of water saturated Non-AE 
concrete under cooling and heating cycles. Major characters of the behavior are 
summarized [7],[8], as follows: 

a) from +20oC to _20oC 
Concrete shows a almost linear contraction. It seemed that most of the water in 
micropores might not freeze before _20oC, and that internal stresses caused by 
ice formation might be released, as the surplus of frozen water in larger pores 
transports toward smaller pores or partially empty vo ids pre-existing in 
concrete [9]. 

b) from _20oC to _50oC 
Due to ice formation in almost all micropores, internal stresses become high and 
microcracks are initiated, showing considerable expansion of concrete. This 
expansion is closely related to deterioration. The amount of expansion increases 
as water cement ratio, moisture content, and cooling rate [7],[10-14] increases. 

c) below _50oC 
Since most of water has been already frozen, concrete exhibits a linear 
contraction again. However, absorbed water layers on walls of vöry small gÖl 
pores of radius less than 3 nm do not freeze within the range of O C to - 165 C 
[15] • 

d) on heating 
Strain behavior during heating is not the reverse of that during cooling, since 
melting point of water in micropores differs from freezing point. There are 
created 'residual strains, when the temperatur e returns to normal. It is obvious 
that the se re s idual strains are a sign thatinternal structure of concrete is 
loosened. 

Since residual strains indicate an amount of microcracks generated in eonerete, 
,they can be a measure for deterioration. Figure 7 shows relationship between 

subtraction of the residual strain of the first cycle from that of each cycle 
and the number of cooling and heating eyeles, for experiments with different 
minimum temperatur e s and fixed maximum tempera ture. The residual strains 
increase as the cooling process is repeated, though the amount of the increased 
residual strain diminishes. And the residual strains tend to increase as the 
minimum cooling temperature decreases. However, temperatures below _50oC do not 
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Deterioration of concrete due 
to repetition on cooling with 
fixed maximum temperature and 
various minimum temperature cause extra deteriorations, since the 

residual strains in the case of the 
minimum temperature _70 0 C as those in 
the case of the minimum temperature -500 C are almost the same. Concrete can be 
hardly deteriorated when temperature is above _20 0 C, since the residual strain 
is not observed in the case of the minimum temperature _20 0 C. 

Based on the above results, we may set the following three ranges for the 
minimum- cooling temperature that determine a degree of deterioration: 

i) above _200 C: concrete is hardly deteriorated 
ii) _200 C ~ _500 C: degree of deterioration increases as minimum cooling 

temperatur e decreases 
iii) below _500 C: degree of deterioration is almost eons tant 

We consider effects of the minimum temperature on the loss of dynamie modulus of 
elasticity. Figure 8 shows a change of the dynamie modulus of elasticity during 
repetition of cooling and heating when various minimum cooling temperatures are 
used. It is seen that concrete is hardly deteriorated for the minimum cooling 
temperatur e _200 C, since the loss of elasticity is very small. The relative 
dynamie modulus of elasticity at 30th cycle is about 80% and 60%, respectively, 
when the minimum temperature is _300 C and _40 0 C. In the cases of the minimum 
temperature _500 C and _700 C, the degrees of deterioration are almost the same, 
the relative dynamie modulus elasticity is less than 60% between 5th and 10th 
eyele. 

As for effects of mlnlmum cooling temperatures on deterioration, we can obtain a 
similar tendency ,in the results of the dynamie modulus of elasticity and the 
strain behavior. The mechanism of how the minimum cooling temperature effects on 
deterioration may be explained as follows: microcracking and non-linear thermal 
deformation of concrete are induced by ab out 9% volume expansion due to phase 
transformation of water, and the amount of ice formed in concrete increases as 
the temperature decreases. Hence, it can be concluded that the deterioration of 
concrete subjected to orepetitiog of cooling and heating, mainly occurs at the 
temperatures between -20 C and -50 C. 

3.3 Effect of the maximum heating temperature 

Althougha 
studies for 

number of papers concerning to frost damage have been reported, 
the influence of maximum heating temperature on deterioration of 
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Fig.9 Relation between strain and temperature 
for various maximum heating temperatur e 
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Deterioration concrete due to 
repetition of cooling with 
fixed minimum temperature and 
various maximum temperatures 

concrete are still insufficient. We 
expect that the maximum heating te m­
perature has a major influence of de­
terioration of concrete as well as the 
minimum cooling temperature. In this 
section, we investigate deterioration 
of concrete under temperature ranges 
with fixed minimum temperature and 
various maximum temperatures. 

Figure 6 shows that concrete expands 
till -30°C during heating, and that it 
considerably contracts between _30°C 
and _10°C, and thenexpands aga in when 
the temperatur e is above -10°C. For 
cases, similar behaviors are observed; 
see Figures 9 where the minimum cool­
ing temperature is -?OoC and the max­
imum heating temperature ranges from 
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_300 e to +4°e. Tt is shown that strain behavior of concrete shifts downward as 
the temperatur e cycles proceed with the maximum heating temperatur e _3°e, and 
hence the residual strain increases. However, with the maximum temperature _boe, 
_100 e, or _300 e, such shifts are not observed for all cycles. Hence, 
deteriorations of concrete depend on the maximum heating temperature in the 
range between about _100 e and zero. 

Figure 10 shows change of dynamic modulus of elastici ty during the repetition of 
cooling and heating when various maximum temperatures are used. Full lines in 
Figure 10 indicated irifluences of the designed temperature cycles as well as 
those of the initial and final cycles between +200 e and _700 e. A dotted line 
named for reference indicates the latter, it is a strain behaviorof one cycle 
from +200 e and _700 e. Hence,we can approximately obtain the influences of the 
designed temperature cycles by taking the differences between the corresponding 
full line and the reference; name ly , the full line lower than the reference 
suggests that the corresporiding designed maximum temperature makes some 
contributions on deteriorationof concrete, and the full line close to the 
reference suggests that the corresponding designed temperatur e makes little 
contributions on deterioration. Hence, the degree of deterioration is almost the 
same as the reference, when the maximum heating temperature is _30oe, _10oe, or 
_boe. and it becomes greater than the reference when heating temperature is _3°e 
and +4°e. The result for loss in dynamic modulus of elasticity agrees well with 
that for residual strain studied in the above. 

The above results may suggest that concrete is not deteriorated in some cases, 
even if it shows expansion during cooling. This is clearly seen from Figure 
9(b); though concrete expands considerably from -200 eto _500 e on second cycle, 
the residual strain does not increase and the dynamic modulus of elasticity does 
not decrease, as the repetition of cooling and heating proceeds. The mechanism 
of this observation can be explained as follows: ice in pores is thawed from 
smaller pore as the temperature increases, and water is scarcely transportable 
due to the ice in larger pores which is not yet thawed till the temperature is 
up to _10oe. Therefore, it seems that deterioration can proceed if the 
temperature of concrete rises up till water in concrete is transportable and 
the n water is frozen in other places during cooling. Hence, a non-linear thermal 
behavior of concrete only shows the phase transformation, does not indicate 
necessarily initiation of microcracks due to it. 

From experiments for mortar [4],[10], the temperature at which mortar starts 
expansion during cooling or that at which mor tar starts contraction during 
heating is almost the same, regardless of water cement ratio. eonsequently, the 
transite temperature does not depend on the mix proportions of concrete, even 
though they change the porosities or pore distributions of concrete [9]. 

Therefore, it can be expected that the temperatur e ranges that influence 
deterioration of concrete may have little dependence on the mix proportions. The 
ranges identified in this study can be applicable to various concretes. However, 
the degree of deterioration is influenced by the pore distributions or 
porosities determined by the mix proportions, since the depression of freezing 
point is a function of por e size. 

3.4 Strain behavior of constituent of concrete . 

eonstituents of hardened 
Since global behaviors or 
constituents, it is worth 
repetition of cooling and 

concrete are pastes, sands, and coarse aggregates. 
properties of concrete are determined by those of the 
investigating how each constituent deteriorates under 
heating, in order to understand mechanism of concrete 
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deterioration. Under the same conditions, a saturated specimens of aggregate, 
paste, mortar, and concrete are subjected to freezing and thawing, and strain 
behaviors are monitored; water cement ratio of paste, mortar, and concrete are 
the same. Since material may not behomogeneous from the top to the bottom due 
to material segregation, we assumed strains measured on the center of a specimen 
as an average strain of the specimen; see Figure 2. 

Figure 11 shows strain behaviors of each constituent during cooling at first 
cycle. A thermal expansion coefficient of the constituents and the residual 
strains af ter the fifth cycle are calculated. Table 2 shows the maximum value of 
expansions. From Figure 11 and Table 2, the maximum expansions and the residual 
strains af ter the fifth cycle were larger, in the order of paste, mor tar , and 
concrete, and aggregate which was not expanded at all. Hence, strain behavior 
and deterioration of concrete are mainly due to cement paste. 

Since the 
aggregate 
fracture 

difference in thermal expansion coefficients of cement paste and 
is relatively large, there is great possibility of interfacial 
between cement paste and an aggregate, which may contribute 

deterioration of concrete. 

Aggregate used in this study is of good quality, high density, andlow porosity, 
and its strain behavior is almost linear, and i.e. shows scarce residual strain, 
when it is subjected repetition of cooling and heating. Hence, there should be 
little contribution from aggregate on deterioration of concrete. 
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Fig.11 Relation between strain and 
temperature of concrete 
constituents 

Table 2 Properties of concrete 
constituents 

Coefficient of Residua1 
Type of thenla.1 ~ion lIal:i_ straID 
coucrete (X10- /"C) expansion af ter the 
consti tuent 5th c:rc1e 

-10~ -(5"C (X10-S ) (XlO- S ) 

Aggresate 4.6 3.0 -- O 
Paste 17.5 -122.9 1367 908 
!lortar 13.0 -66.9 703 582 
Coocrete 6.9 -25.7 376 «5 

From the above results, it seems that 
deterioration of concrete is caused by 
the following two reasons: 1) deterio­
ration of paste and 2) interfacial 
fracture between aggregate and paste. 
Hence, we can increase durability of 
concrete; by making durable cement 
pas te of lower water cement ratio or 
lower moisture content, and AE agent 

[ 16]. 
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3.5 Synthetical consideration 

Figure 12 shows a relation between the relative dynamic modulus of elasticity 
and residual strain at fifth cycle for various concrete. It is seen that the 
residual strain and the relative dyna mi c modulus of elasticity are weIl 
correlated to each other [17],[18]. Consequently, the residual strain can be a 
good parameter for assessment of potential frost damage, which agrees with the 
result of Maclnnis et al. [19]. 

Figure 13 shows a relation between the residual strain at fifth cycle and the 
minimum cooling temperature, and Figure 14 shows a relation between the relative 
dynamic modulus of elasticity and the minimum cooling tempera ture. It is seen 
that the degree of concrete deterioration is greatly changed, depending on the 
value of minimum cooling temperature l~ing between _200 C and _500 C. In 
particular, the range between -400 C and -50 C seems to have the greatest effects 
on deterioration. 

Figure 15 shows a relation between the maximum heating temperatur e and the 
residual strain at fifth cycle, and Figure 16 shows a relationbetween the 
maximum heating temperature and the relative dynamic modulus of elasticity under 
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the designed cycles (shown 
maximum heating temperature 
effects on deterioration. 

as full line 
lying between 

in Figure 3). It is seen that the 
_10°C and OOC has a considerable 

Figure 17 is chart from which the degree of concrete deterioration is estimated, 
when the structure is subjected to repetition of cooling and heating. Based on 
the results obtained, we divide the minimum cooling temperature and the maximum 
heating temperature into three ranges, I, II, III for the minimum temperature or 
A, B, C for the maximum tempera ture. 

The effectsof the minimum cooling temperatur e on deterioration of concrete are 
summarized as follows: 1) if the temperatur e is above-200C bRange I), concrete 
does not deterioratej 2) if the temperatur e is between -20 C and _50°C (Range 
II), deterioration increases as the temperatur e decreasesj and 3) if the 
temperatur e is below _50°C (Range III), deterioration is almost the same as the 
case of the minimum temperatur e -50°C. The effects of. the maximum heating 
temperature are su~marized as follows: 1) if the temperatur e is below _10°C 
(Range C), concrete does not deteriorate even the minimum cooling temperature is 
low enoughj 2) if the temperature is between _10°C and OoC (Range B), 
deterioration increases as the temperatur e increasesj and 3) if the temperatur e 
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is above OOC (Range' A), deterioration is almost the same as the case of the 
maximum temperature OOC. 

Based on the above summaries, we can conclude that when the mlnlmum cooling 
temperature or the maximum heating temperature is under Range I or C 
respectively, concrete suffers little deterioration; when the temperatures are 
under Range II and B, deterioration increases as the cooling temperatur e 
decreases or the heatihg temperature increases; but, when the temperatures are 
in Range III and A, concrete shows the greatest deterioration. However, Range B 
is very small, and the degree of deterioration changes significantly within 
Range B. Hence, from a practical point of view, it is better to estimate that 
deterioration occurs when the maximum heating temperature is above _100 C. 

The 
not 

results suggest that no deterioration occurs in concrete, when it is 
down to _20oC or not heated up to _10oC in case of the cooling 

temperature was lower than _20oC. If these conditions are not satisfied, 
concrete can suffer deterioration when it is subjected to temperature cycle 
every time. 

above 
cooled 

4. CONCLUSIONS 

This study investigates how concrete deterioration is influenced by the cyclic 
temperature range, and what constituent of concrete has a contribution to 
deterioration, as concrete is exposed to low temperatures. Based on the 
experimental results, the following conclusions can be drawn: 

(1) Degree of concrete deterioration depends on the minimum cooling temperature 
and the maximum heating temperature of cyclic temperatur e range. 

a) When the minimum temperature is above _200 C, concrete suffers little 
deterioration; degree of deterioration increases as the minimum temperatur e 
dncreases from -20 C to _50oC, and no further deterioration occurs even when the 
temperature goes down below _50oC. 

b) When the maximum temperatur e is below _100 C, concrete does not deteriorate; 
degree of deterioration increases as the maximum temperatur e increases from -
10 C to OOC, and no further deterioration occurs even when the temperature goes 
up above OOC. 
Hence, in practical structures, if the temperatur e of concrete falls below _20oC 
and rises above OOC, it is necessary to take a consideration to prevent 
deterioration due to each cyclic temperature ranges. RationaI measures should be 
studied in future. 

(2) Deterioration of concrete considerably depends on cement paste and 
interfacial fracture. Hence, cement paste should be made to be durable in order 
to produce a durable concrete, and interfacial frac'ture of the-paste-aggregate 
should be paid sufficient attentions in studying deterioration. 

(3) Loss of relative dynamic modulus of elasticity is almost proportional to 
residual strains. Both of the m can be used as a good parameter for assessment of 
potential frost damage. 
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Pre face 

The work that is presented in this report is part of alarger study 
thatwas performed during the years 1973-1974. The results have not 
been published before. 

1. Rackground- aim 

The aim of the study was to investigate if the so called critical 
degree of saturation concept could be used also when freeze/thaw 
takes place in the presence of de-icing salts. Therefore, a rather 
large study was made in which the critical degree of saturation was 
determined experimentally for concrete specimens thathad been pre­
conditioned to different degrees of saturation in NaCl-solutions of . 
different concentrations (O; 2,5; 5; 10%). Besides, the capillary 
water uptake as function of time was determined for the same con­
cretes and·the same salt concentrations. The results were negative in 
that sense that very little effects of the salt concentrations could 
be discern~d; the frost resistance defined as the difference between 
the critical and the capi1lary degree of saturation (see 11f) was 
almost the'same irrespectively of the salt concentration. The reason 
for this astonishing result is probably that the salt did not have 
time to penetrate the full volume of the specimen before the freezel 

thaw test started .. This test is made with sealed specimens which 
means that no salt water absorption could occur during the test it­
self. Thus, all specimens were tested with almost 0% NaCl-concentra­
tion in the pore syste~ despite the fact that the concentration of 
the solution that was used for ~'filling" the specimens before the 
test was different. Some of those results have been published in an 

internal report 12/. Most of the results are, however, unbublished. 
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Some additional studies were made in which the scaling and the salt 
water absorption were fol1owed during freeze/thaw tests of unsealed 
specimens of OPC-mortars. In another test series the expansion 
during freezing of OPC-mortars was studied. The m6rtars were pre­
stored for such a long time in NaCl-solutions of different concen­
trations that the pore-water in thewhole specimen was in equilibri­
um with the outer salt concentration. Some results of these studies 
are presented in this report. 

2. Mortars - specimens 

9 different cement mortars were tested; see Table 1. The nominal 
w/c-ratios were 0,4, 0~6 and 0,7. The nominal air contents were 3%, 
6% and 8%. The 3% mortars were non-airentrained. The real w/c-ratios 
and air contents are listed in APPENDIX 1. The air contents deviate 
rat her much from the desired ones, especially for the 0,6-mortars. 

The cement was of type ope with low alkali content (0,2%) and sul~ 

fate resistance(C3A=5~n. The air-entraining agent was of type 
Darex AEA. 

All specimens weretable vibtated. The specimen size and the storage 
of the specimens before the test are described below; they are diffe­
rent for each type of test. 

Table 1: Mortars; nominal w/c-ratios and air contents. Designations 
of the mortars. 

Nominal air content w/c-ratio 
% 0,40 .0,60 0,70 

, . 

3 11 12 13 

6 21 22 23 

8 31 32 33 

3. Test 1. Scaling and salt water uptake during freeze/thaw. 

Aim: 

The aim of test 1 was to investigate the effect of the outer salt con­
centration on the scaling and absorption during freeze/thaw. Also the 
effect of the pre-conditioning of the specimens -air-dried or water­
stor~d- on thoseproperties was investigated. 
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Test procedure. 
The pre-conditioned mortar cylinders (~50K100 mm) were placed in 
cylindrical plastic beakers (~82~145mm). About 0,53 litres of solu­

tion was poured in the beaker so that the specimen was completely 

covered. The beaker was covered with a lid in order to prevent eva­
poration. Each specimen was exposed to 12 freezejthaw cycles of the 

shape shown in Fig 1. 

Af ter the terminated freezejthaw test, the fragments scaled off from 

the specimens were dried and weighed (AQd)' The specimen was weighed 
before the test (Qo)' The "torso" thatremained af ter the test was 
weighed (Q1)' the n dried at +1050C and weighed (Qd)' It was resatu­
rated by complete vacuum and weighed in water (Qw) and in air (Qa)' 
Thus, the porosity Po' the degree of saturation before (So) and af ter 
the test (Sl) could be evaluated: 

Qa - Q 
Po 

d --
Q - Qw a 

Q - (Qd + .6Qd) 
S ° = o Q + Q(J(l + Pi )/f(l-Po)l)- (Qd + AQd) a 

Q1 - Qd 
51 = ---

Qa - Qd 

Sf is the density of the cement mortar without pores. 

( 1 ) 

(2) 

(3) 

It is assumed that all weights are in grammes and that no salt has 

been deposited in the pores. This is a reasonable assumption since the 
salt water storage is very short (12 days). The 50-values are almost 
the same for all specimens of the same type pre-treated in the same 
manner. One specimen of each mortar type was tested for each pre­
conditioning and each salt concentration. 

Pre-conditioning 

Before the test the specimens were pre-conditioned in two different 
ways: 

* Method 1 : Water-cured for 6 weeks followed by air-drying for 2 
weeks. 

* Method 2: Water-cured for 6 weeks followed by air-drying for 1 
week and water-storage for 2 weeks. 
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Salt contentrations 
4 concentrations of NaCl were used; O; 2,5; 5; 10%. The density (d) of 
the solution is a function of its concentration (c%). The following 

relation was determined by aerometer: 

d = 0,9978 + 0,00658 c (4) 

Results 
The scaling ~Qd and the degree of saturation af ter terminated freezel 

thaw ,S1' as function of the outer salt concentration are shown in 
Fig 2-4. In Fig 5-6 the scaling is plotted versus the w/c-ratio. Photos 

of the tested specimens are shown in APPENDIX 2. 

It is quite clear that freeze/thaw in pure water does always produce 
much less scaling than freezethaw in salt solutions. It is also clear 
that 2,5% does normally produce the most severe scaling when the spe­
cimens are air-dried before the test starts; 10% solution is in this 
case not much more severe than pure water, see Fig 5. When the speci­
mens are water~stored before the test starts it seems as if 5% and 
10% are the most severe concentrations, see Fig 6. Thereason might 
be that salt in this case i~ entering the specimen by slow diffusion 
whilst it enters by a more rapid combination of diffusion and con­
vection in the case of an air-dried specimen. Hence, it might very 
well be that the pessimum concentration inside the specimen is the 
same in both cases. 

The (salt) water absorption in the specimens during the freeze/thaw 
cycles is normally lower when the the specimens are frozen in pure 
water. One reason for this might be that the total suction time is 
lower in this-'case since all water surrounding the specimen is trans­
formed inta ice during the frost periods. An additional explanation 
might be that the permeability of the remaining specimen "torso" has 
increased due to the more severe frost damage when salt solutions are 
used. If this is true, the observed increase in the water uptake 
is just a.measure of the increased internal damage.It must be observed, 
however, that the degree of saturation is measured on the torso re­
maining and not on the outer part of the spec'imen that has scaled off. 
A high degree of saturation of 'the torso is, however, an indication 
of a high moisture content also in the destroyed part of the speci­
men. 
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The satt scaling is diminished when the air content is increased. 
However, when the air content becomes too high (15% in mortar 32) 
there is a clear tendency of an increased scaling. The scaling also 
increases with increased w/c-ratio; for w/c=0,70 a very high air 
contentis needed in order to make the mortar durable. For w/c=0,40 
even the non-airentrained mortar behaved fairly well although the 
scaling was still more reduced in the airentrained mortars. 

4. Test 2. Isothermal (salt) water uptake. 

Aim 
The aim of test 2 was to investigate the effect of the outer salt 
concentration on the absorption of solution in air-dried specimens 
that are fully immersed in the solution. 

Test procedure 
The pre-conditioned mortar cylinders (~50"100 mm) were placed in 
the plastic beakers descri~ed above. Pure water or NaCl-solution 
was poured in the beaker so that the specimen was covered. The total 
amount of solution was about 0,5 litres. The beakers were stored at 
room temperature for 13 day s whereupon the specimens were weighed (Q1)' 
dried at +1050 C and weighed (Qd)' resaturated by vacuum and weighed 
in air (Qa) and in water (Qw)' The specimens were also weighed be-
fore the test started (Qo)' The degrees of saturation before (So) 
and af ter the test (51) are calculated by: 

Qo - Qd 

Qa - Qd 

where Q is in gram. 

(5) 

(3) 

The density of the salt solution befOre and af ter the test was de­
termined by aerometer. The solution sucked into the specimens was, 
however, so small in comparison with the total amount of solution 
that the measurements became tro insensitive in order to reveal any 
concentratian changes. 

2 specimens of each mortar was used for each concentration. 
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Pre-conditioning 
All mortars were preconditioned according to method 1; i.e. they were 
water-cured for 6 weeks followed by air-drying in laboratory air for 

2 weeks. 

Salt concentrations 
The concentrations O; 2,5; 5; 10% were used. 

Results 
The degree of saturation af ter terminated absorption test is plotted 
in Fig 7-9. For w/c=0,40 (Fig 7) it seems as if a higher salt concen­
tration gives somewhat higher degrees of saturation when the air con­
tent is low but lower degrees of saturation when the air content is 
high. The same trend, but less pronounced, can be found even for 
the other w/c-ratios. This means that it should be more difficult 
to water-fill the air pore system when salt solutions are used. There 
is no simple explanation for this observation. 

In Fig 10-12 are plotted the differences between the degrees of sa­
turation reached during 12 days of freezing and thawing and the de­
grees of saturation reached during 13 days of isothermal absorption. 
In almost all cases does the freeze/thaw force more (salt) water in­
to the specimen. Besides, this extra (salt) water absorption is in 
most cases much higher when freezing takes place in salt water. It 
is not so easy to find an explanation for this behaviour. One might 
just as well have expected a drying out of the previ~usly water­
stored specimens due to the fact that the vapour pressure of the outer 
solution is lower than the vapour pressure of bulk water in the spe­
cimen. Such a drying out has been observed for mortar specimens 
stored in CaC1 2-solutions /3/. 

Possibly, the extra water absorption during freez~/thaw depends on 
the cyclic temperature variation. Or it might depend on cracks for­
med during the freeze/thaw action. Such cracks might open the struc­
ture so that air that is enclosed in air pores can be replaced by 
salt water. 
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5. Test 3. Dilation during freezing. 

Aim 
The aim of test 3 was to investigate the effect of the inner salt 
concentration and the effect of the degree of salt water saturation 

on the expansion of the specimen during freezing. 

Test procedure 
The pre-conditioned specimen (30·30·120 mm) which is unsealed is 
placed in the combined calorimeter-extensometer shown in Fig 13. The 
simultaneous ice formation and length changes can be measured. Only 
the length changes were measured in the actual tests. The freezing 
cycle is shown in Fig 14. The temperature was measured in each speci­
men by a thermocouple in the centre of the specimen. The specimen was 
weighed before (Qo) and af ter the test (Q1). Very little water was lost 
during the test. Then the specimen was dried at +1050C and weighed 
(Qd). It was resaturated by vacuum and weighed in water (Qw) and 
in air (Qa). The degree of saturation could be calculated by eq (3) 
and (5). 

Mortars tested 
All 9 mortars were tested but in'this report there are only shown re­
sults for two mortars (12 and 32 with a w/c-ratio of 0,60 and with 
low and high air content). 

Pre-conditioning 
The specimens were water-cured for 3 weeks followed by air-drying 
for 3 weeks. Then, each specimen was put in a vacuum-chamber which 
was evacuated to a certain residual pressure which was maintained 
for 24 hours. Salt solution of a given concentration was let into 
the chamber so that the specimen was covered. The vacuum pump was 
shut and the specimen was allowed to stay in salt water of the same 
concentration for 3 months.This lonq. time of stora ge together with 
the forced absorption during the first time made the pore water 
come to equilibrium with the outer salt solution. This is confånmed 
by observations of. the initial freezing points. They correspond well 
with the freezing points which are expected in bulk ~olution of the 
same concentration; see Fig 15. 
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By using different residual pressures different degrees of salt 
water saturation are reached. The following residual pressures were 
used: 

760 torr (no vacuum) ; gives S1 
150 torr gives S2 

50 torr gives S3 
2 torr gives S4 

Salt concentrations 
The concentrations O; 2,5; 5; 10% were used. 

Results 
The results are shown in Fig 16 and 17. In Fig 18 the total dilation 
at -250 C is plotted versus the salt concentration for different de­

grees of saturation. 

The followingconclusions can be drawn: 

* When the degree of saturation is low no or very little expansion 

occurs for all salt concentrations. 
* When thedegree of saturation is high the largest expansion 

occurs at the concentration 2,5%. 5% and 10% is not much more se­
vere than pure water. Unfortunately, specimens with medium high 
degrees of saturation are missing. 

Therefore, it seems as if a 2,5% NaCl-solution inside the specimen 
creates larger destructive forces than other concentrations. One imagi­
nable explanation is that the salt creates an osmotic pressure due 
to differences in salt concentration between water in pores containing 
ice bodies and pores with unfrozen solution. On the other hand, when 
the salt concentration is ~igh the freezable water decreases. The 
net effect could be that the maximum stresses occur at a pessim~rn -
concentration which might be of the order of size of 2 to 3%. 

6. Conclusions 

The results can be summarized as follows: 

1. The most severe salt scaling of specimens that are freezejthaw­
tested in NaCl-solution occurs at a certain pessimum concentra­
tion of this outer solution~ The pessimum concentration is about 
2,5% for specimens that are air-dried when the test starts but 
5 or 10% when the specimens are water stored before the test. 
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2. The (salt) water uptake during freeze/thaw is higher than the up­

take during isothermal capillary suction. 

3. The absorption is higher when freeze/thaw takes place in salt so­

lution than when it takes place in pure water. 
4. The salt scaling is diminished when the air content is increased 

or the w/c-ratio decreased. For w/c=0,70 very high air contents 

are required. 

5. The internal freeze-stresses increase with increasing degree of 

saturation of salt water. 
6. At constant degree of salt water saturation the pessim~ concen­

tration of pore water seems to be about 2,5%. 
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Fig 14: Dilatometer test; the freeze/thaw eyele. 
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air content 3,7%). 
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APPENDIX 1: Mix proportions. 

Table A.1: Mortars for tests 1 and 2. 

Mortar sand cement w/c air 
( l itt) kg/m 3 kg/m 3 

% 

11 1367 623 O ,42A i + 3,5-0,3 
21 1333 597 0,423 + 6,6-0,1 
31 1335 575 0,424 + 7,9-0,5 

12 1517 383 0,642 + 7,1-0,3 
22 1460 362 0,640 11 ,5 
32 1398 347 0,605 15,0 

13 1563 344 0,701 + 5,7-0,1 
23 1502 320 0,734 10,4 
33 1548 296 0,741 11 , O 

Table A.2: Mortars for test 3. 

Mortar sand cement w/c air 
(litt) kg/m3 kg/m3 % 

12 1530 412 0,600 3~7 

32 1550 378 0,600 8,4 
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APPENDIX 2: Photos of freeze-tested specimens. 

All specimens are turned upside down in comparison with the posi­

tion during the test. 

The 4 specimens to the left are pre-cured according to method 1; 

air-drying. 

The 4 specimens to the rightare pre-cured according to method 2; 

water storing. 
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Photo 1: Mortar litt 11 (w/c=O,42; air 3,5%). 

Photo 2: Mortar litt 21 (w/c=O,42; air 6,6%). 

Photo 3: Mortar litt 31 (w/c=O,42; air 7,9%). 
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Photo 4: Mortar litt 12 (w/c=O,64; air 7,1%). 

Photo 5: Mortar litt 22 (w/c=O,64; air 11,5%). 

Photo 6: Mortar litt 32 (w/c=O,61; air 15,0%). 



-66-

Photo 7: Mortar litt 13 (w/c=0,70; air 5,7%). 

Photo 8: Mortar litt 23 (w/c=0,73; air 10,4%). 

Photo 9: Mortar litt 33 (w/c=0,74; air 11,0%). 
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Experience with an improved freeze-thaw and de-icing test 

Volker Hartmann 
University Essen, Universitätsstr. 15, 4300 Essen, Germany 

Introduction 

There are quite a number of testing methods [1,2,3,4,6,7,8,9,10,11,13,15] with which it 

has been tried during the last few years to define an acceptance criterion for freeze-thaw 

resistance. In spite of this large number of testing methods it was not possible so far to 

develop a procedure with low test error and sufficiently clear results. Furthermore these 

testing methodes are usually difficult to apply, lenghty and expencive. 

State of research 

During the last years, the phenomena of freeze-thaw of de-icing salt attack in concrete 

structures has been investigated in basic research [5,10,14,16] . In the case of freeze-thaw 

damage, several phenomena overlap and influence the degree of the damage. The freezing 

behaviour can only be explained correctly if the special physiochemical behaviour of the 

pore water in the microstructure is taken into consideration. The measuring methods 

therefore can on ly be improved successfully if the mechanisms which lead to damage are 

known and can be taken into account. 

On the basis of the research findings it was possible to analyse the testing procedures. The 

most important results are presented in the following. 

A testing procedure should reflect the natural boundary conditions. The boundary 

conditions in the test must be defined as weIl as possible, and the relevant testing 

parameters must be fixed precisely . Tests show, for example, that small variations in the 

temperature course and in the moisture content of the samples lead to drastic changes of 

damage [14] 

In the case of natural frost attack, there is usually a uni-axial temperature gradient, which 

means, the temperature attacks the concrete surface and freeze the concrete in layers from 

towards the interior . In the excisting procedures the temperature attack is allowed on all 

E LUND.DOC 30 
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surfaces regardless whether whole cubes or certain surfaces are being tested. The 

temperature gradient is therefore neither uni-axial nor weIl defined. 

The temperature control in the usual freezing chambers does not ensure a precisely defined 

temperature course. For this reason the testing procedures allo w a deviation of up to 16 

Kelvin. 

A further important aspect in the test is the absorption of moisture or the pore water 

con tent. The absorption of moisture must be controlled precisely . This absorption of 

moi sture , however, is not c1early defined in most testing procedures. It is possible to fix a 

defined pore water or pore solution content if the phenomenon of capillary suction is used. 

In this case the water content only depends on material pore structure, time and possibly 

temperature. The test conditions can be defined exactly. The nessesary requirements for 

testing can be met with existing techniques. For this reason, an improved testing 

procedure was developed on the basis of the existing methods. 

CDF Test 
(Capillary Suction of De-icing Chemical and Freeze-Thaw Test) 

By means of this procedure, the freeze-thaw test is enabled by using the capillary suction 

of a defined de-icing solution during pre-storage and during freeze-thaw expo sure as weIl 

as by freeze-thaw cyc1es. 

The test procedure is divided into the following phases. 

1. Manufacture and preparation of samples 

2. Dry storage 

3. Capillary suction at room temperature 

4. Freeze-thaw test 

5. Determination of the CDF number. 

Requirements of the testing procedure 

An improved testing procedure can only be efficient if the results are reproducible. For 

this reason, the foIlowing conditions must be observed: 
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- Before the test begins all samples must have been dried comparably. For this 

purpose, the samples must be dried in laboratory conditions (20°C room air 

temperature and 65 % relative humidity) before the start of the test. 

- Before the freeze-thaw cycles, the concrete must have a water- or solution content 

which is reached under unfavourable practice conditions. 

- The content of water or solution in the samples is decisive. During the test it must 

therefore be established in a controlled way. 

- De-icing salts should be sucked up with the water. Subsequent diffusion of salt into 

the water-saturated concrete is very controversially discussed by Volkwein [17]. 

- There must be a uni-axial temperature attack on a defined testing area . 

- The temperature attack must be controlled exactly for all samples. This applies 

above all to the minimum temperature on the surface of attack. 

- The temperature cycle must be kept exactly reproducible with an very small 

deviation from the nominal temperature. 

Manufacture and preparation of samples 

For the determination of the freeze-thaw-resistance, special test sample s are manufactured. 

The surface must meet particular requirements. The test samples are manufactured in cube 

forms of 15 cm side length which are divided in the middle by vertical teflon discs. Thus, 

two test sample s are made, having a length of 15 cm and a width of 7 cm. The teflon 

covered surface is the area, where no releasing agent is used. 

The samples are left in the forms to harden during 24 hours and then stored under water 

for 6 days. At least in the case of Portland cement, this en sures an equal and sufficient 

hydration at young age. 

As well as this kind of sample, wich is essentially for concrete of certain composition, it is 

also possible to test other specimens such as pavement blocks, drill cores etc. by an 

equivalent method. 

After the test samples have reached a sufficient age - in the above case of Portland cement 

after 28 days - they are weighed and then stored in a climate chamber at a temperature of 

20°C and 65% air humidity (fig.l). Af ter three weeks, the sample s have reached a 
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hygrial equilibrium condition in the suface layer. A longer drying period is not needed 

[14]. 

'f = 6S % 

Figure 1. Pre-storage of the test samples 

Capillary suction 

hygrial 
equilibriunl 
conditioll 
in the surface layer 

A test sample is immersed with load surface downwards and immersed 5 mm into a 3 % 

sodium chioride solution in a stainless steel container (fig.2). The test sample is placed on 

10 mm high distance spacers. The test container is closed by a cover in order to avoid 

evaporation of the water out of the test solution. The cover is slanted so that possible 

condensation cannot drop on the test specimen. Thus, a constant solution concentration is 

ensured. During a prestorage period of seven days, the water uptake is fixed by the 

defined physical process of capillary suction. The filling height is checked regularly in 

order to keep the liquid level constant. 

3 % Nael 

7 days 

Figure 2. Capillary suction befor the freeze-thaw test 
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Freeze-thaw test 

The test cyc1e suggested and developed by the RILEM Technical Committee 117 in May 

1990 is adapted. With steps of 10 Kelvin per hour, the temperatureof +20 °C is cooled 

down to -20°C. For three ho urs , the temperature of -20°C is kept constant, and af ter 

that - again at a rate of 10 Kelvin per hour - the temperature is increased to +20° C. This 

temperature is held for onehour. The temperature cyc1e is shown in fig. 3. 

25 ,---------------------------------------------~ 
20 

u 15 
10+ 

~-1O 
E- -15 

-20 

~ ~ ~ 
~ -5 j' 

-25 +----~--e__~--____ ____+--____+--__ --__ --__r------~--___4 

o 2 3 4 5 6 7 8 9 10 11 12 

freeze-thaw-cyc\e [h] 

Figure 3. CDF temperature cycle 

The actual temperature is measured in the middle of the bottom of the sample containers 

fig.4. For all test containers the real temperature must follow the required temperature 

within a deviation below 0.5° C. 

",,-real cooling liquid ; 

: 

Figure 4. CDF- test system 

In an air-cooled climate chamber it is difficult to keep a constant temperature profile for 

all samples because the smaller heat capacity of the air leads to changes in temperature 

even in the case of very slight "disturbances", for instance if the chamber is loaded 
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differently. Furthermore, the test samp1es in the climate chamber must be insulated on all 

surfaces except the testing surface in order to abtain a uni-axial temperture gradient in the 

samples. 

Experience has shown that a cold bath can be used to meet the requirement of a defined 

temperature in the sample and during the testing time. Therefore, this method is described 

here in more detail. The 10 test containers are cooled by immersing them 20 mm into the 

coolbath. The samples boxes do not need any cover during the freeze-thaw cycles. The 

closure of the test container avoids evaporation of the solution. The concrete samples are 

exposed according to the temperture cycle. The temperature load acts vertically on the 

surface and a uni-directional attack is produced due to the higher heat capacity and the 

circulation of the bath liquid as well as the small thermal conductivity of the surounding 

alf. 

Test results 
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Figure 5. required- and actual temperatur at the bottom of a container in the cooling bath 

With the development of a cooling bath much better temperature conditions have been 

produced as than in the commercial climate chamber. Fig. 5 shows the nominal 

temperature and the average temperature of five measuring points at the container 

bottoms. It can be seen that the deviation of the nominal temperature is at most 0.4 
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Kelvin. This small deviation must be reached at any rate in order to have a good 

reproducibility. Purthermore, an even temperature distribution in the cooling bath is 

obtained (fig. 6,7). The deviation between the ten containers - measured at the container 

bottom in the liqued - is 0.3 K. 
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20.3 
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20.1 
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19.9 
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19.7 
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19.5 / 
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Pigure 6. temperature distribution in the cooling bath at 20°C 

-20.5 
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-20.2 
-20.1 

-20 
-19.9 
-19.8 
-19.7 
-19.6 
-19.5 

left , back 
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Pigure 7. temperature distribution in the cooling bath at -20°C 

By means of this exact temperature control, the CDP test has some important 

improvemennts as compared with test procedures so far. A linear increase of weathered 

material with the number of freeze-thaw cyc1es is observerd (fig.8). This relationship is 

confirmed in all measuring series. 
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There are only exception s for the case of non-resistant concretes without artificially 

introduced air pores fig.9. The deviation from the linear relationship is because the sides 

of the test sample are weather, i.e. the original test area is changed. After a few freeze­

thaw cyc1es, this leads to overproportional weathering (fig. 9) so that in the case of non­

resistant concretes the test can be finished with a c1ear result already af ter 5 to 10 freeze­

thaw cyc1es (fig.10). 
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Figure 9. scaling of non-resistant concrete 
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These results show that the scaled-off mass due to weathering is proportional to the 

number of freeze-thaw cycles if the test has been carried out carefully (fig. 11). A nurnber 

for the CnF value is sufficient. 

5000 wlz=0.55 
PZ 35 

~ 4000 

~ 3000 

~ 2000 
'""@ 

2iS 1000 cnF = 186 g/rn2 

O~------~--------~------~--------~------~ 

O 5 10 15 20 25 

freeze-thaw-cycle 

Figure 11. scaling of non-resistant concrete with sealed sides 

CDF is the quotient of scaled-off mass ro, test surface a and the nurnber of freeze-thaw 

cycles n. 

CDF = ro 
a*n 

The criterion used should be the upper 5 % certainty. 

Errar in the measuring results 

For the appliecability of a test procedure it is very important that the test scattering yields 

a statistically meaningful result. Figure 12 shows the variation coefficient for series 130. 

The variation coefficient is less than 0.2 and changes only very slightly with increasing 

deviation. The data given also apply for other measurements where the variation 

coefficient sometimes improves. Even in very bad series with sample s madewithout 

entrained air pores, the variation coefficient is as low as about 0.3. 
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Figure 12. coefficient of variation from figure 8 

Comparisons with different temperature cyc1es, as can seen in figure 13, show that there is 

no significant difference between a long 24-hour-cyc1e and the 12-hour-cyc1e carried out 

in this case. 
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Figure 13. Comparision of temperature cyc1e duration 
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Figure 14. Comparison of weathering from concrete with different air void content 

The test procedure meanwhile yields clear and sharp results so that even small differences 

in the composition of freeze-thaw-resistant concrete can be found. In figure 14, the 

weathering of concrete with different air content is shown. The concrete was manufactured 

with a PZ 35 cement. The test was performed after 35 days. This figure clearly shows that 

the concrete with a air content of 5.9% is more resistent than the air concrete with 4.0% 

entrained air. Even diffenrent sorts of cement can be disinguished at young age. In figure 

15 the weathering for a PZ 45 and a PZ 35 is shown. The test age is also 35 days in this 

case. 
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Figure 15. Comparison with different cement, with air entraining admixture 
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ABSTRACT 

Based on the Borås-method (SS 137244) for 
frostjsalt-resistance a large experimental 
program has been carried out at five Scandi­
navian laboratories. An initial Round-Robin 
test established reasonable reproducibility. 
It was concluded that concrete inhomogene ity 
was the main cause of variation in the test 
results. A systematic study was carried out 
on the effects of concrete moisture history 
before testing and on the effects of varia­
tion in the following test parameters: 

1) temperature cycle characteristics, 

2) the salt concentration on the test sur­
face, 

3) the salt concentration in the concrete 
pore water. 

The effects of silica fume on scaling 
has been investigated as weIl the ques­
tion of whether high strength concrete 
needs air entrainment to be frostjsalt­
resistant. 

concrete, frost resistance, test method 
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1 INTRODUCTION AND BACKGROUND 

Deterioration of concrete due to frost action is not a general 
problem in Norway. Most of the damage occurs in connection with 
salts (deicing or from natural sources), but then frequently 
with quite severe scaling as a result. The situation in the 
other Nordic contries is similar in that damage is general ly 
associated with salts, but it also appears to be more prevalent 
than in Norway, according to published national status reports 
(1). Outdoor concrete not subjected to salts is general ly pro­
tected by correct air entrainment, unIess the exposure results 
in a very high degree of water saturation at freezing. 

The most important practical problem is consequently to ensure 
frostjsalt-resistance. One important aspect is a reproducible 
and relevant test procedure. In Sweden a saltscaling method 
(SS 137244, referred to here as the Borås-method) has been 
developed, which has proven reproducible - at least internally. 

The goal of the present project was to investigate the influence 
of various concrete compositions and curingjmoisture-histories 
on the salt scaling. A prerequisite to this task is of cours e to 
have a reliable test method. It was decided to base the work on 
the Borås-method and to carry out the work in 3, partly overlap­
ping, stages: 

1) Round-Robin tests at 51aboratories in 3 countries 

2) Carry out experiments where important test parameters of 
the Borås-method were vari ed systematically: 

The temperature cycle characteristics 
The salt concentration on the surface during the test 
The initial saltconcentration in the concrete pore 
water 

3) Vary the moisture history of a given concrete before test­
inge The main point was to subject the concrete to differ­
ent dryingjresaturation treatments before testing. Low 
temperature calorimeter measurement have shown such treat­
ment to influence the iceformation pattern drastically, 
Sellevold and Bager (4). Similar drastic effects on the 
saltscaling was expected. 

22 different concrete mixes were tested in 23 different test 
series. The basic mixes we re with wjc + s - ratios of 0,55 and 
0,45, air-entrained with and without silica fume. A number of 
high strength concretes (> 65 MPa) without air entrainment we re 
also tested. 

The five laboratories taking part in the work was: 
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CBL: Cement- og Betonlaboratoriet, Aalborg Portland, 
Denmark 

SP: statens Provingsanstalt, Borås, Sweden 
FCB: Forskningsinstituttet for Cement og Betong, SINTEF, 

Trondheim, Norway 
NBI: Norges Byggforskningsinstitutt, Oslo, Norway 
NOR: Norcem Betonglaboratorium, Brevik, Norway 

The Round-Robin test is reported in full (2), as is the rest of 
the experimental work (3). This article presents a number of 
representative results from both reports and sums up the main 
conclusions. It should be noted that the extent of the experi­
mental results is large and because space is limited the report 
focuses on presenting results, rather than interpreting these in 
terms of mechanisms. 

2 THE ROUND-ROBIN TEST 

2.1 The Borås-method (SS 137244) 

The Borås-method is a saltscaling test method similar .to ASTM C 
672, but with a number of details improved. The test specimen 
(about 50 mm thick, cut from a cylinder, cube or prism) is 
insulated on the side -and bottom surfaces. The test surface is 
covered with a 3 % NaCl solution 3 mm deep. About 20 mm above 
the solution a thin plastic foil is stretched to prevent evapo­
ration of water from the solution during testing. The insulation 
ensures that freezing is one-dimensional and initiates at the 
test surface. Fig. 1 shows a prepared test specimen and the 
characteristics of the 24 hours temperature cycle. The tempera­
ture is measured in the salt solution. 

The amount of scaled material is measured at 7, 14, 28, 42 and 
56 cycles, and recorded as dry material per m2 concrete. At 56 
cycles a concrete is rated on the following scale: ACCEPTABLE 
< 1 kg/m2 , GOOD < 0,5 kg/m2 and VERY GOOD < 0.1 kg/m2 , with the 
additional requirement that the scaling the last 28 cycles shall 
be less than the first 28 cycles. 

For testing of 150 mm cubes four samples are recommended (900 
cm2),while for samples taken from structures a minimum test 
surface of 400 cm2 is recommended. 
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2.2 REPRODUCIBILITY 

The Round-Robin test included 9 concretes, all produced at NOR 
in the form of prisms 150 x 150 x 1000 mm. 50 mm slices were cut 
from the prisms for testing. 4 laboratories tested at about the 
same time at a concrete age of minimum 3 months (sealed curing), 
while one laboratory started 14 monts later. Their results were 
somewhat different and are reported in section 3.1. 
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Fig. 2a shows scaling for concrete Bl in the form of mean values 
for 4 plates at each laboratory; while in Fig. 2b one plate is 
left out for one laboratory. As can be seen, one deviant speci­
men changes the concrete rating from ACCEPTABLE to UNACCEPTABLE 
at one laboratory, while the other 3 rates the concrete ACCEPT­
ABLE. For other concretes similar deviations were observed, 
particularly for concretes with marginal ratings. For less 
sensitive concretes, i.e. VERY GOOD rating or with very high 
scaling, the ranking by the different laboratories was more 
consistant. 
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The reasons for the deviations are uncertain. The scaling was 
general ly not ahomogeneons phenomenon but occurs in concen­
trated areas (as is the case in practice). Sometimes the reason 
for high scaling could be edge effects caused by a pocket in the 
glued on dam around the edge. Leakage of salt solution would 
result in no scaling. The specimen preparation clearly depends 
on the person doing it; however, such problems are noted in the 
test protecol - which was not the case with the deviants dis­
cussed above. High scaling sometimes are associated with weak 
points in the test surface; a cavity, a loose stone etc, i.e. 
local inhomogeneities. 

The position of a specimen in the freezer influences the temper­
ature cycle characteristics somewhat within the allowed band, 
Fig. 1. Several times when different scaling was observed for 
two specimens, their positions in the freezer was exchanged for 
a period. However, this did not change the scaling pattern for 
either. We therefore do not believe that small changes in the 
temperature cycle are responsible for the observed deviations. 
We believe local inhomogene ity in the concrete test surface is 
the main cause of deviations, rather than extreme sensitivity to 
variations in the temperature cycle. 

It should be kept in mind that any scaling test only tests a 
very small volume of concrete in contrast to "volume deteriora­
tion" methods such as ASTM C 666. But in practice it is the 
scaling problem we try to solve - hence a scaling method appears 
most relevant. SP has shown that it is possible to obtain consi­
stantly low variation for their own laboratory produced con­
cretes. Such a procedure thus yields the potential frost resis­
tance of a concrete composition. For field specimens the homoge­
neity of the concrete is also characterized in a scaling test. 
Results should therefore be reported for individual specimens as 
weIl as mean values. 

3 EFFECTS OF CONCRETE CURING/MOISTURE-HISTORY 
AND TEST PARAMETERS 

In addition to the 9 concretes for the Round-Robin tests (B1-
B9), 13 concretes (B10-B20 pluss two, H5 and H7, with the high 
strength cement P30-4A) we re made for additional testing. B13-
B20 were produced at readymix plants, and molded in blocks from 
which cores we re drilled and sawn for test specimens. This 
procedure was followed in the hope of obtaining more homogeneous 
specimens. However, this turned out not to be the case, particu­
larly for B17-B20 which produced large variation in scaling. 
Followup investigations showed that the air content and the 
scaling varied systematically with test specimen location in the 
blocks. Thus the results pre~ented in this section shows rela­
tively large variations, however, the general pattern of the 
results are supported by the number of test series and test la­
boratories. All details and individual results are given in (3). 
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3.1 Aqinq effects 

As already mentioned one laboratory carried out the Round-Robin 
tests ab out 14 months af ter the other 4 laboratories. All 4 
concretes tested displayed more scaling, af ter the storage in 
plastic bags which probably involved some drying. It is likely 
that this increased scaling is caused by the dryingjresturation­
effect. Earlier calorimeter - measurement have shown marked 
increases in iceformation af ter long term drying at 20°C and RH 
of 75 and 83 %,before resaturation (4). In normal Borås-proce­
dure drying takes place at 50 % RF for one week before water is 
placed on the surface 3 days and then replaced by saltsolution 
before testing. The importance of dryingjresaturation will be 
further discussed below. 

3.2 Dryinqjresaturation treatment 

When concrete is dried and resaturated (submerged in water) its 
pore structure is changed substantially. This results in in­
creased permeability and iceformation, indicating a change in 
the direction of more coarse and continuous pores (1, 4, 5). 
This is seldom taken into account in concrete testing. The 
effects of such pretreatment on scaling was investigated in 
several test series. 

Fig. 3 

50 

20 

10 

I 

w/c = 0.45 

5.5% air 
48 MPa 

Dried 50·Cjresaturafed 
/ before test 

IV 
/ 

1/ 
o 28 56 

Standard testing 

I. 
112 

CrCLfS 

I 

168 252 

Scaling before and af ter dryingjresaturation treatment 



-90-

Fig. 3 shows a typical result. Predrying at SO°C for 10 days 
followed by one week submersion in water led to at least an 
order of magnitude increase in scalin~. Several other variations 
in treatment were tried: 2 days at SO C, l day at 10SoC and one 
simulating realistic conditions with 8 hours at SO°C followed by 
16 hours at 20°C for a total of 6 days. Individual specimen 
variation was large and the results as a whole not systematic 
enough to allow establishment of any critical limit for the 
treatment. The onlygeneral conclusions to be drawn is that any 
of the pretreatment varieties led to increased scaling, and that 
concretes containing silica fume (7 % in a 1:1 rerlacement of 
cement) were more robust to such pretreatment. SO C drying is 
not unrealistic relative to natural exposure of concrete. It is 
therefore an open question why such treatment increases the 
scaling in the laboratory so dramatically. For high strength 
concrete the scaling can be insignificant even af ter such treat­
ment, see later. 

3.3 curing temperature 

The curing temperature was not part of the experimental program. 
However, the tests showed that concretes B17 and B18 (Fig. S, 
for example) had quite high scaling in spite of high strength 
(ca. SO MPa) and a good air pore structure L ~ 0,20 mm). These 
eoneretes were produced in blocks (1000 x 1500 x 400 mm) in a 
very warm period. The most likely explanation is therefore that 
a high temperature (over SOoC) the first curing period is re­
sponsible. Calorimetric measurements of ice formation in hard­
ened cement paste (6) has shown that even the moderate curing 
temperature of 4SoC increases the iceformation and thereby the 
damage potential substantially. A systematic followup on this 
point has recent ly been reported (7) for concrete cured at 20°C, 
40°C and 60°C. Scaling was found to increase markedly with in­
creasing curing temperature. 

The clear implication of these results is that strength and air 
pore structure are not sufficent information to assess frost j­
salt-resistance of concrete (and probably other durability 
properties), the curing temperature is also important. 

3.4 The Temperature Cycle 

There exists little systematic data on the influence of the 
temperature cycle on frostjsalt-scaling. The question is impor­
tant, at least for two reasons: 

a) The temperature band in the Borås-method (Fig. l) is quite 
wide. It is unavoidable that specimens are subjected to 
different temperature cycles depending on their position in 
the freezer. How much importance does this fact have for 
the scaling, and to what extent is it responsible for 
variations between parallell specimens? 
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b) The relationship between laboratory tests and temperature 
cycles in natural exposure, Le. how "tough" is a given 
test method? 

We believe the most important aspects of the temperature cycle 
to be the cooling rate, the minimum temperature and the time 
spent at freezing temperatures. Increased cooling rate is nor­
mally expected to increase the damage potential due to increased 
rate of ice formation. with salt, however, it is probably an 
osmotic type mechanism which dominates, and it is less clear 
what to expect. Time at freezing temperatures would be expected 
to be important since an osmotic mechanism involves transport of 
mass which requires time. The minimum temperature determines the 
amount of ice formation, and would certainly be expected to be 
important regardless of damage mechanism. 

Several test series were carried out on these points. Different 
cooling rates and minimum temperatures were achieved part ly by 
changing the specimen insulation (by placing the evaporation 
preventive foil directly on the saltsolution) in the normal 
freezer, partly by using a freezer with larger cooling capacity. 
In two series the specimens were remooved from the freezer on 
reaching about -ISDC in each cycle and stored at +20DC until the 
next cycle. This cycle is referred to as in/out, and was includ­
ed in order to minimize the time the specimens spent at low 
temperature. Fig. 4 shows the different temperature cycles 
obtained. 

Fig. 4 
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The main conclusion from these test series were (3): 

Increased cooling rate to a fixed minimum temperature does 
not lead to significant changes in the scaling. In addi­
tion: Attempts to detect a systernatic relationship between 
scaling and specimen position in the freezer did not suc­
ceed, in spite of a clear relationship between position and 
temperature cycle. We therefore conclude that temperature 
cycle variations within the allowed Borås limits (Fig. 1) 
cannot explain the large variations in scaling of ten found 
in routine testing. We believeconcrete inhomogene ity is 
the main source. 

The minimum temperature has significant influence on the 
scaling. The -20°C used in the Borås-method was found to 
produce more than twice as much scaling as the -10°C used 
in a parallell test. This observation is clearly important 
in evaluating the "toughness" of the Borås-method relative 
to natural exposure. 

The In/out-variant produced signifiantly less scaling than 
any of the others regardless of minimum temperature. This 
observation indicates that pressures generated in the first 
strong freezing (hydraulic or direct ice-matrix) is not the 
main cause of scaling. It is clearly neccessary with time 
to build up pressure, indicating an osmotic type mechanism. 

3.5 Salt concentration on the surface 

It appears to be general ly accepted that 3 % NaCl solution is 
"pessimal" with regard to scaling. This concentration is used in 
most test methods, but little recent documentation exists on 
this point. It is not unreasonable to expect that the "pessimall! 
concentration varies with concrete quaIity. Several test series 
were therefore carried out, on a variety of concrete qualities. 
Figs. 5 and 6 shows some results. Fig. 5 give the results on two 
concretes tested at two laboratories. The variation was quite 
large (caused by the already mentioned inhomogeneity of B17 and 
B18), but the tendency is consistant; there is a "pessimal" 
value near 3 % NaCl. 
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For high strength concrete (Fig 6) no pessimal value at 3 % is 
indicated, rather the oposite. The effect of salt concentration 
is not very large, however, and does not result in altered 
rating of the concrete. The most striking aspect of the results 
is the total lack of scaling when pure water is used, and that 
as little as 0,5 % NaCl has a very significant effect. We lack 
basic understanding of the mechanism to explain this consistent 
observation. At least it indicates that a very high degree of 
saturation in the surface larger alone is not sufficient to 
explain scaling - since it is difficult to imagine that a small 
amount of salt would great ly influence this factor. 
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3.6 Salt concentration in the pore water 

Specimens were dried at SO°C and the n submerged in salt solu­
tions with NaCl concentrations from O to 12 %. Fig. 7 gives the 
results for one series. Note that the level of scaling is much 
lower for B20 with silica fume than B19 without. This was found 
in practical ly all series. The concretes were quite inhomoge­
neous, but the results indicates that resaturation with pure 
water produces largest scaling. Calorimetric measurements on 
similarly treated pastes showed, as expected, that pure water 
produced faster and more iceformation at a given temperature, 
Fig. 8 (8). Thus our general experience that scaling and icefor­
mation are related in this qualitative way is confirmed by these 
results. Many conflicting reports exists in the literature on 
the effects of salt solutions in the pore system on frostre­
sistance. It is a very important point to clearify in order to 
obtain more basic understanding, and it should be pursued. 
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4. EFFECTS OF CONCRETE COMPOSITION 

It has already been pointed out that w/c-ratio, strength and air 
pore structure are not sufficient to evaluate the potential 
scaling resistance of concrete. Temperature and moisture histo­
ries also play important roles. 
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4.1 Effect of silica fume at normal strength levels 

The effect of silica fume on frost resistance has been a contro­
versial tropic in recent years (5). Several concrete "pairs" 
with 7 to 10 % of the cement replaced by silica fume on a 1:1 
basis were tested in this project, f.ex. B17 - B18 (Fig. 5), 
B19-B20 (Fig. 7). Both examples shows lower scaling for concrete 
with silica fume. Fig. 5 shows a small reduction for concretes 
tested without dryingjrestauration treatment, while af ter such 
treatment the difference is more marked, Fig. 7. Other test 
series gave similar results (3). We conclude that silica fume 
improves scaling resistance, and, in particular, that the ro­
bustness of concrete to elevated temperature curing and dry­
ingjrestauration treatment is increased when cement is replaced 
by silica fume a 1:1 basis. 

4.2 High strength concrete with and without air 

A relevant question today is whether high strength concrete 
needs air entrainment to be scaling resistant. 7 high strength 
concretes (> 65 MPa) we re tested in this program, 2 of them with 
air entrainment. The "pair" B8-B9 wjc+s = 0.35, sjc+s = 
0.1 and O was not air entrained. The scaling for B8-B9 measured 
at two laboratories is shown in Fig. 9. B8 with silica fume 
shows the highest scaling, but the scaling level for both con­
cretes is fairly low, note the ACCEPTABLE limit line. B8 shows 
some acceleration in scaling beyond the standard 56 cycles, but 
not a dramatic disintegration as reported earlier for a high 
strength concrete containing 19 % silica fume (9). A new batch 
of B8 was produced and tested for 290 cycles af ter dryingjres­
tauration treatment. The scaling was lower than for the original 
B8 in spite of the pre-treatment, and the Borås-rating was VERY 
GOOD. 

Two air entrained concretes with silica fume B6 and B7 (wjc+s = 
0.35, sjc+s = 0.07, 74 MPa - 3.8 % air, 66 MPa - 5.9 % air) we re 
both rated VERY GOOD af ter standard Borås-testing; B7 also af ter 
dryingjrestauration treatment. This in spite of rather poor 
values for the spacing factors of 0.40 and 0.26 mm, respec­
tively. 

Fig. 6 shows scaling for two high strength concretes with P30-4A 
offshore cement, both driedjresaturated before testing. The 
concrete with the lowest strength (H5, 91.5 MPa) shows scaling 
on the level of B8 with silica fume (Fig. 9) with a certain 
acceleration beyond 100 cycles. The concrete with highest 
strength (H7, 115 MPa) shows minimal scaling regardless of 
saltconcentration up to 140 cycles. 
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These results as a whole indicate that high strength concrete 
does not need airentrainment to be saltjfrostresistant according 
to the Borås-method, even including a dryingjrestaturation 
treatment and extension of the number of freezejthaw-cycles well 
beyond the standard 56. with sufficiently low wjc+s-ratio the 
rating VERY GOOD may be obtained. The limit appears to be around 
wjc+s = 0,30, but probably depends both on cement type and 
silica fume dosage. Silica fume appears to cause some accelera­
tion in the scaling beyond the standard 56 cycles for concrete 
with wjc+s-ratio of 0,35. High strength concrete is much more 
robust to dryingjresaturation treatment than normal concrete. 
Recent data indicated robustness of high strength concrete also 
to elevated temperature curing: concrete with wjc+s = 0,30 and 
sjc+s = 0.08 showed minimal scaling when cured at 60°C and 
driedjresaturated before scaling tests (10). 



-99-

5 FINAL REMARKS 

The Borås-method is judged weIl suited to rate the salt/frost­
resistance of concrete. We believe the method gives the 
potential resistance for a given concrete composition when it is 
homogeneous and cured under weIl controlled conditions. For 
field concrete the homogeneity, as weIl as the entire tempera­
ture/moisture-history plays important roles. The present results 
demonstrate that scaling can increase dramatically with rela­
tively moderate changes in these factors, particularly the 
drying/resaturation treatment and elevated temperature curing. 
Neither are unrealistic relative to natural exposure conditions. 
The practical use of the Borås-method in the standard version is 
considered tough but reasonably realistic in that concrete of 
reasonable w/c-ratio and air pore structures fulfill the crite­
ria. As seen above this is not true af ter dry/resaturation or 
curing at 60°C. Similarly, cases exist where cores taken from 
old concrete with good field performance shows very high scaling 
when tested in the laboratory. Thus, we can say today that the 
Borås-method is very useful in rating concrete composition with 
weIl controlled temperature/moisture - histories. It appears to 
be too tough when the concrete pre-test treatment is other than 
standard laboratory procedure. The present observation that 
several high strength concretes without air entrainment meet the 
Borås criteria even af ter curing at 60°C and drying/resaturation 
treatment indicates to the author that such concretes will 
perform weIl in severe field exposure. 
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1 Introduction 

A suitable method for testing the scaling resistance of concrete must fulfIl a number of 
requirements. 

+ The method must be realistic which me ans that the type of failure must be the same 
as the one taking place in a real structure and it must be possible to transform the test 
result to some form of prediction of the service life. 

+ The method must be reproducible which means that the test result for a defmed 
concrete must be the same for tests performed at different times and in different 
laboratories. 

+ The method ought to be simple and cheap so it can be carried out not only in 
advanced concrete laboratories but also in ordinary factory laboratories. 

The method also ought to be useful for different purposes: to study the influence of the 
constituents such as cement, additions, admixtures etc on the scaling resistance, to study the 
influence of curing, to perform pretesting of concrete as weIl as performance tests on drilled 
cores from real structures and so on. 

The Swedish standard test method for assessingthe scaling resistance more or less seems to 
fulftl these requirements. 

2 The test method (SS 13 72 44) 

The method is presented in figure 1. A rubber membrane is glued on all surfaces but the test 
surface of the 50 mm thick specimen. A 3 mm thick layer of salt solution is poured on the test 
surface. A 3 % sodiurn chloride solution is normally used but other solutions and water can 
be used as weIl. 

The solution is covered with a plastic foi! in order to prevent evaporation which can change 
the concentration of the solution. This is very important since only a small change of the 
concentration may influence the test result considerably /1/. 

A 20 mm heat insulation is attached to all the sides but the test surface. The bottom insu1ation 
makes the heat transport take place mainly through the test surface, which is a situation 
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similar to that nonnally happening in a real structure. Without the bottom insulation the test 
surface would be the wannest part of the specimen during the cooling phase! 

The heat insulation on the sides also makes the temperature distributing unifonn over the test 
surface and the heat transport becomes more or less one-dimensional. Without the heat 
insulation the scaling nonnally becomes most severe at the edges of the test surface which 
affects the test result and makes the result dependent on the dimensions of the specimen. With 
the insulation this effect disappears and the results from 50 mm thick specimens with 
different dimensions can be compared. For example, slices from 150 mm cubes can be tested 
as well as 100 mm drilled cylinders and the results become comparable! 

The temperature is measured by thenno-couples or some other equipment. In order to obtain 
a well defmed temperature cyc1e the temperature is registered in the salt solution. 

Eachfreeze-thaw-cyc1e lasts 24 hours and the temperature varies between -18 - +20 C and 
the temperature must fall within the shaded area in figure 2. The testing nonnally continues 
until 56 cyc1es. 

So far most tests have been carried out on sawn surfaces on slices taken from 150 mm cubes. 
The sawn surface then is located vertically in the centre of the cube according to figure 3. 
This type of specimen is suitable for testing the potential scaling resistance of concrete and 
also the influence of the constituents on the resistance 

Sometimes it is more interesting to study the properties of the cast surface of a specimen, for 
ex ample when studying the influence of the curing conditions and then procedure II in figure 
4 is preferable . 

. Procedures ffi and IV can be used for cylinders drilled from structures. 

Of course it is possible to choose other dimensions of the specimens but the thickness must 
always be about 50 mm. 

The tests are performed in standard freezers which are equipped with a heater for the thawing 
phase and fans in order to guarantee good circulation of the air.The temperature is normally 
measured for one specimen in each freezer. 

After 7, 14, 28, 42 and 56 cyc1es the material spalled is collected, dried and the loss of mass 
is measured. The value after 56 cyc1es represents the test result. 

The tests are nonnally carried out on 4 specimens with a test surface of 15 times 15 cm. So 
far the method mainly has been used for concrete used for bridges in Sweden and then these 
requirements have been chosen . 

-Very good 

-Good 

No specimen has more than 0.1 kg/m2 material scaled after 56 
cyc1es 

The scaling (mean value) after 56 cycles (mS6) is less than 0.5 
kg/m2 and InsJm28 is less than 2. 
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-Acceptable mS6 is less than 1.0 kg/m2 and msJm28 is less than 2. 

-Not acceptable The requirements for acceptable scaling resistance are not met. 

When pretesting concrete for bridges the requirement is good scaling resistance while 
acceptable scaling resistance is required for drilled cores from bridges and for testing concrete 
taken at the building site. 

3 Test results 

3.1 Introduction 

Five years ago it was difficuIt to produce concrete with good scaling resistance in Sweden, 
i.e. concrete that fulfilled the requirement for acceptable scaling resistance according to the 
Swedish standard test method. The scaling resistance was poor also for high air contents of 6-
7 % and 10w water-cement-ratios of 0.45. In order to fmd out the reason for the poor 
resistance some research projects were carried out and I will give a short presentation of the 
resuIts from some of these projects. 

3.2 The influence of air entraining agents (AEA) and plasticizers on the scaling 
resistance 

In a project /2/ two air-entrauung agents, AEA1 and AEA2, were used as weil as a 
combination of an AEA and a plasticizer, AEA1+PL. The adrnixtures were of the foilowing 
types: 

AEA1: 
AEA2: 
PL: 

a mixture of neutralized Vinsol Resin+synthetic tenside 
neutralized Vinsol Resin 
a melamine-based plasticizing agent 

The test resuIts are presented in figure 5. Each line represents the mean value for 4 speci­
mens. 

For concrete with AEA1 as the only admixture, the amount of spalled material is small for air 
contents exceeding about 4 %. When the air content is as low as 3 % the concrete also has an 
acceptable salt-frost resistance according to SS 13 7244. For concrete with AEA2 as the air 
entraining agent the scaling resistance is also good for air contents exceeding about 4 % while 
the resistance seems to be poor for an air content of 3 %. 

The spalling values are high for the combination of AEA and plasticizer used. Not even when 
the air content is as high as 6 % is the requirement for an acceptable salt-frost resistance 
according to SS 13 7244 fulfilled. 

In the investigation only a few of existing adrnixtures for concrete have been studied. In spite 
of this limitation the resuIts clearly imply that concrete with a good AEA as the only 
admixture has better and more stable salt-frost resistance than if the AEA is combined with a 
plasticizer. Other combinations may give rise to other resuIts but one must always be aware 
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of the difficulties of producing concrete with good and stable scaling resistance when 
plasticizing agents are used. 

3.3 The influence of the cement on the scaIing resistance 

In another project /3/ the influence of the cement on the scaling resistance was investigated. 
Two of the curves in figure 6 represent the most commonly used OPC in Sweden (Slite std). 
The C3A-content is about 9 % and the alkali content about 1.1 % (eq NaO). The other two 
curves also represent an OPC (Degerhamn std) but this is a SR-cement with a low alkali­
content of about 0.6 % and a C3A content of about 2 %. The cement also has a low value of 
the heat of hydration. The composition of the two cements are presented in figure 7. 

For each cement two AEAs has been tested but there does not seem to be any significant 
difference between the two admixtures. 

The axes represent the scaling and the air content respectively. The two cements give 
concrete with very different scaling resistance. With OPC Degerhamn, the cement with the 
low content of alkali, good scaling resistance is reached with an air content of 4 %. With OPC 
Slite, the other cement used, an air content of 6 % is not sufficient to get comparable frost 
resistance. The results indicate that the choice of cement is an important factor to be aware of 
when producing concrete with good scaling resistance. Also different types of Portland 
cements may produce concrete with completely different scaling resistance. 

3.4 The influence of the curing temperature on the scaIing resistance 

According to our experience the Swedish standard test method seems to work but still there 
are a few questions that must get an answer. One is to fmd out the most relevant way of 
treating the specimen before testing. 

In figure 8 results from a Norwegian investigation /4/ are presented. Two different concretes, 
one without and one with silica fume have been stored at two different temperatures, +20 and 
+ 60 C directly after casting. The concretes were not air-entrained. The specimens were 
stored in water at these temperatures during the first 7 days and then in water at +20 C during 
21 days before the start of the scaling test. 

As can be seen in the figure the scaling increases strongly with increasing temperature during 
the initial curing. The scaling increases three times for the concrete without silica fume. For 
the concrete with silica fume the scaling is lower but the increase more severe and is almost 
10 times. 

When evaluating the scaling resistance from standardized tests, this is an effect one must be 
aware of. 

In figure 9 results are presented for specimens which have been cured slightly different before 
the test /3/. Results for two concrete qualities produced with different types of OPC are 
presented. 
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The nonnal curing me ans that the concrete is stored at 20 C all the time until testing at 28 
days, the fust 7 days in water and then in air. The other curing method means that the 
concrete was ideritically stored with the exception that it during two days, the 21st and 22nd 
after casting were stored in air with the temperature of +50 C. As can be seen, the higher 
temperature , and thus the stronger drying, results in a much higher scaling. The test results 
seem to be extremely sensitive to the treatment before testing and one must be aware of this 
fact when evaluating the test results 

3.5 Scaling resistance of concrete for bridges in Sweden 

As mentioned before it was difficult to produce concrete with good scaling resistance in 
Sweden only a few years ago. Today the situation has changed completely. There are a 
number of explanations for this. First of all the producers have realised the importance of 
using the best cements and the best admixtures when producing concrete for structures 
exposed to severe environmental conditions. Another important factor is that the Swedish 
National Road Administration since 1988 requires that all concrete intended for bridges must 
be pretested with respect to the salt frost resistance. The results for the pretests carried out at 
our institute during 1990 are presented in figure 10. Each point represents the mean value of 
four specimens. 

According to the test results most of the concretes have an excellent scaling resistance, less 
than 0.1 kg/m2• The SR + LA cement (Degerhamn) shows the best results and all tests fulm 
the requirement for the pretest, Le. 0.5 kg/m2• The Slite cement with a higher alkali content 
(compare figure 7) shows higher scaling and some ofthe values do not fulm the requirement. 

The results show that nonnally it is no problem to produce concrete with good scaling 
resistance. The results also c1early indicate the importance the type of cement has on the salt­
frost resistance. 

4 Field exposure tests 

A test method is useful only if there exists a correlation between the test result and the 
expected service life for the structure. From experience we have a good knowledge of this 
correlation for nonnally used concrete qualities but we ought to leam much more , especially 
where new types of binders and concretes are concemed. For this reason we started field 
expo sure tests last autunm. Three field expo sure stations are established: One in the area of 
our institute, one along the highway between Gothenburg and Borås which is heavily deiced 
each winter season and fmally one station in the splash zone at the Swedish west coast. 
Concretes with water-cement ratios varying between 0.3 and 0.9 and air contents between O 
and 6 % are placed at the different field stations and paralle1 tests of course are carried out 
according to the Swedish test method. 

Already after the frrst, very mild winter the poorest qualities show severe damages. 
According to the test results available so far it seems as the expo sure along the highway is the 
most severe. 
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A preliminary report is under preparation but r think we have to wait another one or two 
years before it is time to make any essential conc1usions. 
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The test equipment used for the scaling resistance test 
according to SS 13 7244. A=Thennocouple, B=plastic foil, 
C=salt solution, D=specimen, E=rubber membrane, F=heat 
insulation. 
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PROCEDURE I 

FIGURE 3: 
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Procedure I me ans that the test surface is located vertically in 
the centre of a cube. 
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INFLUENCE OF THE CEMENT 
ON THE SCALING RESISTANCE 

10 Sealing (56 cycles)) kg /m2 

9 • - Slite (OPC) +AEA 1 
Slite {OPC)+AEA 2 8 
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7 (OPC, SR) + AEA 1 
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5 

4 

3 

2 

1 

o '------+--- ~~ I!!'!!!~--+--~ 
234 5 6 7 
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FIGURE6: Scaling af ter 56 cyc1es for varying air contents for two OPC 
(Slite and Degerharnn). The cements are characterized in 
figure 7. C88L and Aer L are two different air-entraining 
agents. 
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OPC-Slite OPC-Degerhamn 
(% by weight) (% by weight) 

20.4 22.6 
0.24 0.20 

2.16 4.29 

4.58 3.41 

0.06 0.22 
63.9 66.3 
3.16 1.19 
0.25 0.13 

1.28 0.70 

3.4 2.4 
2.6 1.1 
<0.01 <0.01 

61.2 62.4 

12.3 17.7 

8.5 1.8 

6.6 13.1 

Composition of the two cements OPC-Slite and OPC­
Degerhamn. 
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BINDER CURING TEl\1P (CC) SCALING 
IN V/ATER (kg/m2) 

Day 1-7 Day 8-28 28 cycl 

apc +20 +20 5.9 
W/C=O,45 

+60 +20 15.3 
-----------..,-- ----------- ------------------------------------------

apc+ +20 +20 0.9 
~:;ilica (8%) 
IW/C+S=O.45 +60 +20 8.6 

FIGURE8: Influence of curing temperature during the first 7 days on 
the scaling resistance of concrete according to Jacobsen /4/. 

FIGURE 9: 
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DER I Age, days 56 cyc1es 
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Air 6 % 
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ape (SR), +20 +20 +20 +20 0.1 
DEGERH 
IN/C=OA5 +20 +20 +50 +20 5.2 
AJr6 % 

Influence of curing conditions on the scaling resistance of 
concrete according to Malmström /3/. 
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A satisfacto:ry freeze/thaw type approval test appears to require several 

hundred samples to be tested. This creates practical problems and a 

potential solution is to pre-select those samples which will perform least 

weIl in freeze/thaw by, for exanple, dry density or 24 hour water 

absorption and then test just those f€!ttl sarrples. 
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'Ihe development of a free rnarket in Europe for gocx:ls arrl services has a 

consequence that products including those made of concrete should be 

certificated. Whilst the details are still being developed, the concept of 

initial approval tests (type approval) followed by routine testi.n;} is 

established as a framework. 

Dle to the length of time needed arrl the cost, the freezejthaw perfonnance 

may be assessed at the 'type approval' stage arrl not during routine 

testing . '!his, in effect, means that there is only one opportunity to 

classify a product arrl therefore the type approval test must satisfy the 

following criteria: 

1. it correctly classifies a producti 

2. different certification bcxlies would reach the same conclusioni 

3. the selected test arrl specification limits are correlated with 

perfonnance in practice . 

Our winters are not standard arrl goodperfornance over a feM years may be 

due to mild winters arrl not the potential freezejthaw resistance of the 

product. It is reasonable to require a prcxiuct to survive a bad winter in 

its first year of exposure arrl therefore the correlation with perfonnance 

needs to be made on this basis. 

DESIGN OF 'lYPE .AP.mOVAL TESTS 

'Ihe freezejthaw perfonncmce of a product may not be nonnally distributed, 

Figure l, arrl therefore basing the approach on inspection by attributes (1) 

is an appropriate method to select. '!his requires an agreernent on the 

level of failures that is acceptable. For concrete strength, we often use 

the characteristic value which inplies 5% failures. '!his level of failures 

applied to, for exarople, 200mm x 100nun paving blocks would inply failures 

of 2~ blocks per rn2 which is a value which few consurners would find 

acceptable. 



Figure 1:Freeze/thaw test data for Mix 22 
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The establishment of the appropriate level of failures is a matter for 

consmners and producers to agree and then the agreed value should be 

specified in the appropriate product standard. 

When the decision about the quaIity of a product is to be based on tests on 

a sample of the product, both consmners and producers face risks. In 

respect of type approval testing , the consurrer' s risk is that of the 

product being classified as acceptable, when in reality the product 

contains an unacceptably high proportion of defectives. The producer's 

risk is that of having a product with an acceptable rn.nnber of defectives 

rejected by the type approval test. Operating - characteristic curves are 

used to display the relative risks to COI1SUIl'ers and producers. 

The perfect o-c cu:rve, Figure 2, is one where there is a 100% probability 

of rejecting a product with more defectives than the acceptable quality 

level (AQL) and a 100% probability of accepting a product with an 

acceptable quality level. Such cu:rves do not exist in practice and a 

typical o-c cu:rve is shown in Figure 3. With realistic cu:rves, there is a 

finite risk of accepting a product containing an unacceptable percentage of 

defect.ives, and also a finite risk of rejecting a product containing an 

acceptable percentage of defectives. By fixing the customer's risk and the 

producer 's risk, the o-c cu:rve infonnation can be presented in a tabular 

fonn and Table 1 is an exarnple. 

The design of the type approval test thus requires agreement on what the 

consumer' s and producer 's risks should be. Once these have been chesen, 

the sample size and the acceptable criterion that give these risks can be 

obtained from tables given in ISO 2859. (Ref. 1) 

A type approval test is a one-off event, so it is imp:::>rtant that a product 

which the consumer regards as unsatisfacto:ry will have a low probability of 

acceptance. For the sampling plans given in Table l, the product qualities 

that have a low probability of acceptance are given in the consurner's risk 

coltnnn. It can be seen that these product qualities range from 3.1% 

defectives (with a sample size of 125) to 0.8% defectives (with a sample 

size of 500). 
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Table 1: Percerrtage defectives in the p:rOOucti.an for a prcx)ncpr's 

risk of 5% arrl a c::onstIIIer' s risk of 10% for type approval 

test.in':J with a rejectian l1l.lIliler of 2 (Ref. 1) 

8aIrple Acceptance Rejection Percentage defectives in the production 
size nurnber nurnber Consurner' s risk Producer 's risk 
N Pa = 10% Pr = 5% 

125 1 2 3.1 

200 1 2 1.9 

315 1 2 1.2 

500 1 2 0.8 

Pa = probability product is accepted 
Pr = probability product is rejected 
N = nurnber of specimens tested 

0.3 

0.2 

0.1 

0.07 

Acceptance number = 1 means that the product is accepted if no more 
than 1 specimen fails the test 

Rejection nurnber = 2 means that the product is rej ected if 2 or 
more specimens fail the test. 

If the consurners propose that the level of failures should not be more than 

about 1% which, for example, translates to a failure level of one paving 

block per 2m2 , the sampling plan in Table 1 with a sample size of 315 has 

acceptable properties from the consurner' s point of view. 

'!he right hand colurnn in Table 1 gives the producer's risks, Le. it shows 

the product quality (in percent defective) that the producer has to achieve 

to have a low probability of rejection. It will be seen that the percent 

defectives in the producer's risk colurnn of Table 1 are much smaller than 

the percent defectives in the consurner's risk colurnn, for all the sampling 

plans in the table. For the sampling plan with a sample size of 315, the 

product should contain no more than 0.1% defectives (1 in 1000) for the 

producer 's risk to be small: this requires the producer to design the 

product so that it contains only a very small proportion of specimens that 

might fail the freezejthaw test. 
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If these levels of failures are accepted, freeze/thaw tests on 315 to 500 

specimens are needed for a type approval test. '!his will be extremely 

expensive unless there is same means of selecting from this sample those 

few specimens that will gi ve the worse perfonnance. 

If an easily measured parameter can be identified that ranks the 

freeze/thaw perfonnance of a product, all the large sample N can be 

assessed arrl, say, the 10 worse specimens can be selected for freeze/thaw 

testing . Various parameters rnay be used for this pre-selection arrl the 

best parameter will depend on the actual product. For example, with block 

paving same initial tests have indicated that dry density or 24 hour water 

absorption are possible parameters. Further work is in progress to check 

if this applies to a wider range of mixes. 

crNCI.IJSIONS 

1. 'Ihe mnnber of samples needed for a freeze/thaw type approval test is 

likely to be several hundred .. As it is not practical to test this 

number of samples, the sample should undergo a pre-selection to 

identify those prcxiucts which will perfonn least weIl in the 

freeze/thaw test. Freeze/thaw testing of this small sample can then 

be used to detennine the type approval. 

2. A sampling plan that has reasonable statistical properties has an 

initial sample size of 315 specimens, an acceptance nurnber of 1 and a 

rejection number of 2. With this plan, a product with 1% defectives 

has a low probability of being accepted in a type approval test. For 

the product to have a high probability of acceptance in a type 

approval test, it must have less than 0.1% defectives. 

(1) mrERNATIONAL STANDARDS ORGANISATION. Sampling procedures for 

inspection by attributes . Part 1. Specification for sampling plans 

indexed by acceptable guality level (AQL) for lot-by-lot inspection. 

ISO 2859-1: 1989 
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Experiences with the critical degree of saturation method to measure frost resistance of 
concrete 

w. Studer, EMPA, Dtibendorf, Switzerland 

Abstract 

At EMP A we started our investigations on the critical degree of saturation method to measure 

frost resistance of concrete in 1976. Starting from the description by Fagerlund [1], we developed 

a relatively simple, cheap and effective procedure that provides reliable informations not only on 

frost-resistance but also on "overall quality" of concrete [2]. The test is approved as standard test 

in the new (1989) Swiss standard on concrete construction [3]. 

The contribution presents the basic assumptions on frost resistance and critical degree of satura­

tion, the essential differences between the EMPA-Method and the Fagerlund-Rll...EM-Method and 

gives some results on the relation to established frost-resistance-tests. (scaling resistance, E-Mo­

dulus as a function of frost-cyc1es) 

Basic assumptions 

1. Practically all damages causedby frost action occur at surfaces of on-site concrete where 

fluid water is present when freezing starts. This situation is created intentionally by using 

deicing agents. This is the main reason why frost-deicing-salt-damages are much more fre­

quent than "pure" frost-damages. 

2. Frost actions cause s damages in concrete only at places where the degree of saturation lies 

abovethe critical value. The damages consist of an expansion of the capillary pores in 

which the water is freezing. Thus in each following thaw-freeze-cyc1e the amount of free­

zable water at these places is somewhat larger. That makes the damages grow progressively 

until they fmally become visible as chips scaled off the surface. 

3. The critical degree of saturation is a materials constant mainly dependent on the structure of 

the pore system in the hardened cement paste. For "ordinary" Swiss concrete we found the 

following relation [4] between the mean values of total-porosity (n), aiIpore content Ca) and 

critical water content Uer (= n . Ser) : 

Uer = 0.94 . n - 0.37 . a + 0.3 Vol.% 

N = 142; s(Uer) = ± 0.3 Vol.% 
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This equation rather underestimates the critical water content for old concrete and for cover­

crete, whereas it overestimates it for concrete with crushed or "alternative" aggregates, (pro­

bably because of the mica content). When air entraining agents are used, the equation fits 

well. 

4. By capillary adsorbtion the air pores can't be filled although the pore system fonns the con­

tinuing phase in the concrete and all pores are accessible from the surface. Consequently the 

mean value of the maximum attainable water content by capillary adsorbtion Ucap max is 

Ucap max = n - a 

5. The ratio between the air pore content and the free pore space at critical water content can 

be used as a "frost-security factor" 

a 
FS = O n- cr 

by giving an indication about the "density" of critical place s (re.2) where frost damage can 

start. We found that FS ~ 1.5 gives a low probability to get a bad result in an analogous 

frost resistance test as ego the test flXed at the first TC 117 - meeting, respectively a low 

probability to get severe damages due to frost action on site. 

6. The extent and the severeness of frost damages is dependent on 

- the state of saturation under freezing 

- the relevant properties of surface concrete 

- the micro climate at the concrete surface (total number of frost cycles, speed of tempera-

ture drop, minimum freezing temperature, frequency of frost cycles etc.) 

Thus there is no direct correlation between the result of an analogous test and the behaviour 

of oIl-site-concrete. 

A good result in a analogous test gives a 10w probability to get severe damages on site only 

when frost-cycles, state of saturation and the relevant properties of the test specimen are on 

the "safe side". 

There is little known about the pessimal combination of influencing factors in relation to 

frost action. 
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Difference between "EMPA" and RILEM - "Fagerlund"-Method 

1. The principle of measuring on one side the maximum attainable degree of saturation and on 

the other side the critical degree of saturation where frost-action starts to cause damages 

(repeated frost-cycles) is the same. 

2. The test is made on cores with dimensions d = h = 50 mm because 

- this type of specimens is traditional and weil tried in Switzerland to measure on-site con­

crete-properties. 

- it is difficult to get the same level of vacuum saturation (total porosity) in specimens of 

different size and shape. 

3. The "damage" that defmes the critical degree of saturation is a volume change of 1 0/00 af­

ter 6 frost-cycles measured by weighing the specimens above and under water. By this the 

only requirement to meet by this specimens is the total volume. 

(balances accuracy = 0.01 g => Volume == 100 cm3). 

4. The predrying of specimens is more moderate (2 d at 50°C without forced ventilation) to 

save a "natural" amount of "original" non freezable water in the gelpores. 

5. In. both parts of the test all degrees of saturation are reached by adsorbtion because of the 

hysteresis of sorption isothermes. Total vacuum saturation and total drying at 105°C is done 

at the end of the test only. 

6. 0nly the maximum attainable degree of saturation defined as saturation after 14 d of capil­

Iary suction (3 mm in water) plus 2 d storage under water is considered to estimate the frost 

resistance. The nick-point and the development of saturation after the nick-point are not ta­

ken into account because they seem to be dependent on the procedure. 

[eg predrying, shape of specimen etc.] 

Experiences I.imitations 

1. As stated hefore there is a good but by defInition only stochastic relation between the diffe­

rent frost resistance test methods and consequently also between tests and on site beha­

viour. It has been shown that there occurred large frost-damages on large dams where the 

critical degree of saturation was lower than the maximum attainable degree of saturation by 

adsorbtion and this saturation was attained in practice Ser < Scap.max == Sact whereas there 

were OOt signs of small damages where Ser == Scap max == Sact. 
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2. The critical degree of saturation method doesn't give reliable information on frost resistance 

of lightweight aggregate concrete. There the degree of saturation of the aggregate in fresh 

concrete is the determining factor: It should be below the critical value for the aggregate 

but it can't be determined on hardened concrete. 

3. There are elose relations between porosity, concrete composition, age and strength. Measu-, 
ring the porosity therefore completes the informations on overall concrete quality. On the 

other hand these relations make it possible to measure reliably the frost-resistance on fresh 

concrete. [4, 5] 

Conelusions 

Out of all these "fmdings" we coneluded that the critical degree of saturation method is 

most adventageous to measure the frost resistance of concrete, because 

- it gives complementary informations about overall concrete quality. 

- it is applicable to cores and is consistent with fresh concrete control. 

- it measures the density of critical points where frost action can cause damages under 

pessimal conditions and hence is adapted to the probabilistic nature of frost-resistance 

- it gives frost-resistance as a materials property practically independent on test conditions. 
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The effects of low temperature and freeze-thaw cycles on 
the stability of hydration products 

The influence of the type of cement and the phases of Portland 
cement on the resistance to freezing and thawing of concrete 
has been the subject of discussion for a long time. Within this 
set of problems the assesment of the possibility of phase 
displacements of AFm- and AFt-phases was the intention of the 
experiments. 

l. Materials 

Basic cements for the investigations were Portland cement 
(SRPC 40 A) with a low C3A-content (C3A = 1,7 %) and a C3A-rich 
white cement (C3A = 10,7 %). 
The experiments were carried out with samples of C3A and C2 (A,F) 
obtained by salicylic acid extraction from these technical cements. 
The results of this extraction are shown in the table l. 
Most of the silicat clinker phases were seperated and the aluminat -
and the ferrat phases were concentrated in the extraction residue. 
Beside this phases most alkalies and sulphates were insoluble in 
the acid solution too. 
The extraction of the basic cements can also be observed by 
roentgenography (figure l and 2). The materials prepared on this 
way exactly correspond to the clinker aluminates and ferrites both 
in nature and quantity of incorporated foreign oxides and in 
their hydraulic activity. 



-140-

Table 1: Results of the salicylic acid extraction 

Chemical analysis before and af ter the extraction: 

CaO % 

MgO % 

CaOfr. % 

Main phases 

basic PC 

C3S = 65,6 

C2S = 6,4 

C3A = 1,7 
C4AF= 17,3 

SRPC 40 A 

basic PC af ter extr. 

19,8 5,6 

4,4 14,9 

5,7 20,4 

65,8 44,4 

1,6 3,1 

0,70 2,20 

0,23 0,51 

2,0 7,8 

1,9 0,1 

PC White 

basic PC af ter extr. 

22,0 7,5 

4,2 19,7 

0,2 0,7 

68,2 44,6 

2,3 9,9 

0,32 1,41 

0,12 0,56 

2,2 13,2 

0,6 0,1 

before and af ter the extraction: 

SRPC 40 A PC White 

af ter extr. basic PC af ter extr. 

% C4AF = 62,1 % C3S = 70,8 % C3A = 51,1 

% C3S = 10,3 % C2S = 8,0 % C3S = 6,4 

% caso4= 11,4 % C3A = 10,7 % caS04=19,7 

% MgO = 3,1 % C4AF= 0,6 % MgO = 9,9 

% 

% 

% 

% 
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2. Experimental investigations 

The extraction residues were hydrated by an saturated lime 
solution at a sOlution/residue ratio of 1,0 and placed in small 
closed bottles until the beginning of the experiments af ter 
90 days' hydratation time. Then the water-saturated samples 
were subjected to following treatments: 

- storage at + 20 °c 30 days 
- storage at + 5 °c 30 days 
- storage at 5 °c 30 days 
- 150 freeze-thaw cycles 30 days 

+20 °C/-20 °c 

The differential thermo-analysis was used for the examination of 
the stability of sulfoaluminathydrates during the frost loading. 
The results of this investigations are exhibited on figure 3 and 
figure 4. It is discernible that af ter the temperature treatment a 
distinct phase displacement from monosulphate respectivily AFm-
phase to ettringite rescpectivily Aft-phase independent of the 
kind of residue was stated at decreasing temperature. 
Approximate quantitativ informations about the phase displacement 
can be obtained by means of thermogravimetry (TG).The results are 
shown in table 2. 

Table 2: Phase con tent af ter different treatments 

Treatment SRPC 40 A PC W 

AFm AFt AFm AFt 

+ 20 °c 61 ~ o 5 ~ o 40 ~ o 27 ~ o 

+ 5 °c 57 ~ o 7 % 36 ~ o 29 % 

5 °c 47 % 20 ~ o 26 ~ o 40 ~ o 

150 f t 53 ~ o 15 % 34 % 32 % 

The greatest displacement to ettringite was shown at a constantly 
negative temperature (- 5 0 C). 
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The investigations by means of roentgenography and eleetron sean 
mieroseope eonfirmed the results of the thermoanalitieal 
examinations. The roentgenograms of the samples af ter the tempe­
rature treatments are to be seen in fiqure 5 and figure 6. In the 
ease of roentgenography a quantitativ analysis is not possible. 
The reason is that the ettingite whieh is arised seeondary 
behaves in amorphous shape partiaIly. 
The inereasing of the ettringite phase is good to be observed by 
means of eleetron sean mieroseope (figure 7 to 12). 
The amount of ettringite needles is raised during the freezing 
and thawing elearly. However, the morphology of ettringite (AFt ) 
whieh was formed at eonstantly negative temperatures differed 
eonsiderably from the usual needle - shaped formation. 
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Figure 3: DTG curves of pe White af ter temperature 
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Figure 4: DTG curves of SRPC 40 A af ter temperature 
treatments 

150 FTW 
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Figure 8: 
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120 d - hydrated PC White - storage at +20 °c 

120 d - hydrated PC White - 150 freeze - thaw 
eyeles / 30 d 
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Figure 9: 120 d - hydrated PC White - storage at -5 °c / 30 d 

Figure 10: 120 d - hydrated SRPC 40 A - storage at +20 °c 



F,igure 11: 

Figure 12: 
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120 d - hydrated SRPC 40 A - 150 freeze - thaw 
eyeles / 30 d 

120 d - hydrated SRPC 40 A - storage at -5 °c / 30 d 
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The influence of the C3 A-content on the durability at 

freezing and thawing 

l. Introduction 

Connected with increasing damages on cementbound concrete 

in East-Germany and the following investigations about the 

durability of concrete demands are made on the cements and 

aggregates. Because of the damages by sulphate attack and 

late ettringite formation (without supply of sulphate from 

outside) it was demanded to change the ratio of S03 to Al z 0 3 

of the cement. A changing of the AlzO J -content is connected 

with a variation of C 3A-content in cement. Beside the 

effects of C3 A in ceme~t on: 

- heat of hydration 

- setting time 

- strength development 

shrinkage - and expansion performance and 

- sulphate attack 

effects on the durability at freezing and thawing will be 

expected too. 

2. Materials 

~he investigations about influence of C3 A content on the 

durability at freezing and thawing were carried out with 

mixtures of commercial Portland cements and with laboratory­

made cements. 
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2.1. Mixtures of commercial Portland Cements 

Original materials for the variation of C3 A-content were a 

sulphate-resisting Portland cement and a white Portland 

cement. Both are comparable in the contents of Alit and 

Alkalies, but extreme different in C3 A-content (table l). 

The cements were mixed, and cements with following differing 

.C3 A-contents were obtained (figure l). 

Table l: 

Analytical data of basic cements PC-W and PC-SR 40 A 

PC-H PC-SR 40 A 

1.0. L Uc) 2,18 0,65 

CaO 66,41 64,91 

SiO 21,21 19,14 

Al~03 4,17 4,25 

Fe,Oj 0,24 5,64 

S03 2,36 2,03 

Na 2 0 0,13 0,11 

K,O 0,16 0,27 

['JgO 2,60 1,38 

spec. Area (emil/g) 4300 3800 

KST 100 99 

SI;' 4,81 1,93 

'rr/l 17,38 0,75 

s:: 3 S (?o) 71,6 68,6 

C,S 6,8 3, l 

C 3 A 10,6 l, 7 

Cz(A,F) 0,7 17,2 
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2.2. Laboratory-made cements 

Raw mixtures of natural materials with variable TM and al­

most constant KST, SM and Na~O-equivalent were burned at 1450 

6 C for 30 minutes to get clinkers with varying C3 A-contents. 

The clinkers was ground with gypsum. The gypsum was charged 

corresponding to the optimum sulphate content by OST/LERCH. 

The obtained cements have an uniform specific area of 3500 

cmL/g (Blaine). The composition ist shown in table 2. A view 

about the cements, the conditions of manufacture and storage 

of standard mortar prism and the measurements shows figure l. 

Table 2: Analytical data of laboratory-made cements 

analytical data 

CaO ( % ) 68,23 68,14 67,65 68,58 68,95 

'SiO 21,50 21,38 21,80 22,25 21,63 

Alz.0 3 3,42 4,38 5,01 5,56 6,37 

Fe Z 0 3 5,33 4,79 3,68 2,12 1,92 

S03 0,40 0,32 0,27 0,40 0,30 

KlO 0,66 0,78 0,88 0,82 0,76 

Na.l.0 0,05 0,07 0,05 0,05 0,05 

~lgO 0,61 0,20 0,20 

KST 101 100 98 99 100 

T'··' j'j 0,64 0,92 1,36 2,62 3,32 

S11 2,46 2,33 2,51 2,89 2,71 

Na.l0 i:;e;". 0,48 0,58 0,63 0,59 0,55 

SG (9" ) 64 43 33 53 42 

Corr.position (BOGLJE) 

C~5 ( '" ) 81,7 81,3 82,9 84,6 82,2 

elS 

C 3 A o 3,5 7,0 11,1 13,6 

C~AF 16,2 14,6 11,2 6,4 5,8 

CzF 

SO 3 opt (?6 ) 2,04 2,10 2,21 2,38 2,40 

5°3 Hm 
(?ö) 2,10 2,20 2,40 2,50 2,50 

SOJ/Al.l.°3 
mcl· 

0,78 0,64 0,61 0,57 0,50 
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3. Results 

The standard mortar prism were exposed to freezing and 

thawing (3 changes per day beetween -25°C and +25 C) af ter 

water storage of 90 daYs. 

3.1. Compressive strength 

The compressive strengths of mixed cements af ter 50 and 100 

freezing and thawing are compared with those of normal 

hardened prism af ter equal time (figure 2). The compressive 

strength increases with rising of the CjA-content. On one 

hand the measured strength increases linearly with C 3 A-

content. On the other hand the differences of compressive 

strength between freezed and unfreezed mortar prism beco~es 

snaller with increasing CjA-content. 

Furthermore the influence of the water-cement-ratio at 

differing C 3 A-contents on freezing and thawing was 

investigated with the original co~mercial cements. 

As Figure 3 a shows, is the hight of loss of compressive 

strength at freezed and unfreezed prism made of PC-SR 

practical ly independent of the water-cement-ratio. It 

amounts in the examined range 0,4 ~ W/C ~ 0,6 to 6 Ro 20 

N/mm~ af ter 50 freezing and thawing respectively A Ro 2 Q 
~ 

af ter 100 freezing and thawing. 

As opposed to that the loss of compressive strength at PC-W 

increases with rising water-cement-ratio (figure 3 b). The 

PC-\l mortar p~ism made with a water-cement-ratio of 0,4 do 

not show any loss of compressive strength. 
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At a water-cement-ratio of 0,6 the loss of compressive 

strength amounts to ~ Ro = 25 N/mm.? af ter 50 freezing an 

thawing respectively ~ Ro = 43 N/mm z af ter 100 freezing and 

Figure 4 shows the compressive strength of 

laboratory - made cements af ter 50, 100 and 150 freezing and 

thawing and the strength before freezing and af ter 141 day s 

normal hardening. 141 days correspond to the hardening time 

of prism exposed to 150 freezing and thawing. The durability 

at freezing and thawing of laboratory - made cements 

increases with rising content of C3 A too. The differences of 

compressive strength between freezed and unfreezed mortar 

prism become smaller with increasing C3 A-content. 

3.2. EX8ansion measurements 

The mortar prism made of C3 A-rich PC-W show af ter one year 

of normal hardening a little higher expansions than the 

mortar prism made of PC-SR with low C3 A-content. 

lll/l PC- W 360 d 0,19 mm/m 

61/1 PC-HS 360 d 0,12 mm/m 

~he mortar prism exposed to freezing and thawing expand more 

strong1y than the normal hardened one. The expansion over 10 

mm/~ lead to the comp1ete1y damage of prism. 

Figure 6 shows the prism af ter 150 freezing and thawing. The 

prism made of C3 A-free 1aboratory cement were comp1ete1y 

damaged. The expansion decreases fro~ 13 mm/m (e3 A = 3,5 %) 

up to 1,7 mm/m (e3 A = 13,6 %). 



-160-

Summary 

The strength performance and the expansion of cements with 

varying C3 A-content were investigated at normal hardening 

and at freezing and thawing. On one hand the variation was 

realised by mixing commercial cements with extreme C 3 A­

content an on the other hand by manufacturing laboratory 

cements. The results at freezing and thawing of both cement 

types with high C3 A-content are substantially better than 

those of cements with low C 3 A-content. The losses of 

compressive strength of C3 A-rich cements at freezing are 

clearly connected with increasing porosity. The cement with 

low C 3 A-content is in this experiments not durable at 

freezing by non air-entrained ageuts. This result can not be 

improved by decreasing the water-cement-ratio. In this case 

The losses of strength are independent of porosity - varyied 

by changing the water-cement-ratio - and thatswhy it can not 

only be based on physical phenomen. Chemical processes at 

freezing must also be taken 'into account. 

investigation should help to find the causes. 

Further 
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PC - S R PC-W 
5 l aboratory-

cem ents 

I I 
l m i xtu r e I 

C 3A- content C 3 A - content 
1 O O % P C - S R 1,7 % O - % 

2S%PC-SR 7S% PC-W 3,9 % 3,5 % 
So%PC-SR SO%PC - W 6,2 % 7,0 % 
.7s% PC-SR 2S %PC-W 8,4 % 11.,1 % 

100 0/oPC-W 10,6% 13,6 % 

manufacture of standard mortar prism 

n orm al hardening 24 h hei 2 O °c 8 5%n . F. 

water storage 

I 
freezing and thawing 

J 
measure of: 

compressive strength 
bending strength 
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Figure 1: Experimental program 
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