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Preface 

This report contains papers presented at a Research Seminar , or rather "workshop", 
organised by our Department. It is the third in a series. The previous seminars were held in 
1993 and 19961• The seminar is "Nordic", by which is meant that the speakers came from 
the Scandinavian countries -Demnark, Norway, Sweden- and Finland. Certainly there are 
other Nordic countries in which frost is a real problem, but this time there were no 
participants from these countries. Most participants were invited personally and asked to 
give presentations. The seminar language was English making it possible also for 
participants from outside Scandinavia to take part. This time same German guest research 
students took part as "observers" and as contributors to the discussions. 

The papers cover many aspects of frost damage. Some papers discuss the very important 
problem of mai sture uptake before and during a freeze/tha w test. Other papers treat the 
destruction mechanisms behind salt-frost scaling and internai frost attack. There are also 
papers dealing with the assessment of the service life of concrete exposed to frost action. 
Same papers present data from field exposure of specimens and from real structures. 
Altogether, the seminar gives a good picture of what is going on in frost research in the 
Nordic countries. Almost aU papers, however, treat concrete. There are many more 
building materials for which frost damage is a problem, but no papers were presented. This 
does not necessarily mean that work is not done on materials such as clay brick, natural 
stone, etc, but evidently the activities are much smaller than for concrete. One reason 
might be that it is much more difficult to find research funding for studies of these types of 
materials. 

A fourth research seminar will passibly be arranged within a few years time. Maybe, the 
invitations will then be sent to a wider circle of potential participants. 

Lund, September 1999 

Göran Fagerlund 

1. S. Lindmark (Editor). Frost Resistance of Building Materials. Proceedings of a Nordic Research 
Seminar in Lund. April 16-17, 1996. Div. of Building Materials, Lund Institute of Technolagy, Report 
TVBM-30n, 1996. 





Contents 

Bager D alld Jacobsen S 
A conceptual model for the freeze/thaw damage of concrete 

de Place Hansen E.J 
Frost resistance of fibre reinforced concretc structures 19 

Fager/ulId G 
Modified procedure for determination of internaI frost resistance by the critical degree of 29 
saturation method 

Fridh K 
Using !ow-temperature calorimetry when studying interna! frost resistance of concrete 51 

Geiker M alld EIlgelulId S 
On the need for data for the verification of service life models for frost damage 57 

JacobselI S 
Recycled and porous aggregate in wet frost tcsting 69 

KlIosa H alld Vesikari E 
Moisture transfer in concrete and degradation by frost - experimental resll!ts and their analys is 75 

Lindmark S 
Sa!tfrost scaling of Portland cement-bound materials 89 

PUllkki J and Ju vas K 
Frost resistance of prefabricated facade element - stability of the air-void system 101 

Rönnillg T. F 
Moisture absorption during freeze-thaw and relation to deterioration 113 

Tallg L, Bager D, JacobselI S alld KlIkko H 
Detecting freeze/thaw cracläng in concrete slabs by using llltrasonic plllse velocity methods 119 

Tallge Jepsell M 
Frost indllced transport of salts in concrete 133 

Utgenallllt P 
Salt-frost resistance of concrete in highway environment 137 

VesikariE 
Prediction of service life of concrete structures with regard to frost attack by computer 
simulation 

147 





A CONCEPTUAL MODEL FOR THE FREEZE-THAW DAMAGE 
OFCONCRETE 

Dirch H. Bager, ChiefConcrete Technologist, Ph.D. 
Aalborg Portland NS, Cement and Concrete Laboratory 
Rordalsvej 44, P.O. Box 165, DK-9100 Aalborg, Denmark 

Stefan Jacobsen, Research Engineer, Ph.D. 
Norwegian Building Research Institute 
Forskningsveien 3b, P.O. Box 123 Blindern, N-0314 Oslo, Norway 

INTRODlJCTION 

This paper outlines the model for freezelthaw damage in concrete presented by Bager and 
Jacobsen at the Minneapolis Workshop on Freeze/thaw damage in Concrete in June 1999 
[I ]. 

The model gives a qualitative description on the mechanisms which cause damage to 
concrete during freeze/thaw, and the intluence different c1imatic or test conditions have on 
the damage. 

Some ideas for further experimental justification of the model are presented. To the 
author's opinion, the model can be made quantitative to such an extent, that fairly simple 
measurements can be used to predict freeze/thaw durability. 

2 TEST PROCEDURES AND MATERIALS 

2.1 Test methods 
The main test method used for the experiments is the Swedish standard test SS 13 7244 for 
scaling. This test method is almost identical with the coming European reference test for 
scaling, the Slab test [2]. The main difference between these two methods is the lowest 
temperature in the freezing cycle, respectively -18"C and -20"C for the Swedish and the 
European slab test. 

The experiments have been carried out within the framework of NORDTEST by five 
I aboratories: The Norwegian Building Research Institute (NBI), The Swedish Research 
and Testing Institute (SP), Technical Research Centre of Finland (VTT), Lund Institute of 
Technology/Division of Building Materials (LTH) and the Cement and Concrete 
Laboratory / Aalborg Portland (CBL). Most of the results presented in this paper have been 
obtained at the latter. The NORDTEST projects, which concern simultaneous measurement 
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of scaling, internai damage and water-uptake on the same samples and during the same 
test, have been reported in [3,4]. 

A part ofthe test is the preconditioning of the specimen. During the preconditioning the 
specimens are dried for seven days at a relative humidity of 65 %. After this drying, the 
upper surface of the specimen is allowed to ab sorb water by capillary suction for three 
days. 

Besides measurement of scaling also transmission time of ultrasonic pulses (UPTT), 
dilation and water-uptake have been measured. 

For the UPTT, 54 Hz conical transducers have been used. Contact between the 
transducers and the concrete has been obtained through the rubbersleeve. No other contact 
media has been used. A special measuring equipment was built, which presses the 
transducers correct aligned on the opposite sides of the specimen by pneumatic pressure 
cylinders. The UPTT are calculated as changes relative to the O-cycle value. 

Length change was measured with an electrical digital gauge. Steel studs were glued 
into holes in the specimen. A special measuring stand for these measurements, which 
secure the same position of the sample for each measurement, has been constructed. 

Water-uptake was determined by weighing the surface dry specimen after each scaling 
measurement. Weight of scaled material, corrected for evaporable water content, was 
included. The water-uptake was calculated as kg/m2 

Three different types of freeze/thaw environments have been used in the tests: 
I. Freezing in wet state, but without access to free water or de-icing salt solutions on 

surface. In this paper called the "classical" test. In order to avoid evaporation from 
the specimen to the cold spots in the freezing cabinet during the freeze/thaw 
cycles, a thin plastic foil was placed directly on the saturated surface dry 
specimen. 

2. Freezing in saturated state, with access to free water on the surface; the "wet" test. 
3. Freezing in saturated state, with access to de-icing solution on the surface; the 

"salt" test. 

It is weil known that high porosity and fast cooling rate can give rise to such fast ice­
formation, that hydraulic pressure can introduce cracks. This mechanism is not dealt with 
in this paper, since the authors feel, that this mechanism is only effective in laboratory 
testing, and not relevant in practice, in parti cul ar for those concrete qualities used in 
aggressive environments in the Nordic countries today. 

2,2 Materials 
In the tests the concrete types in table l have been used 
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Table I: Conerele Iypes. The differenees in lI'aterlcemenl-ralios hetween the Nonvegian and the 5\vedish 
produced eonerete are caused hy different ways of co/eu/ating the ","terlcement-rotio. In Nonvay the amoun/ 
offree wafer iN used, "while .\\veden uses tolal amounf (~rwater. 

Typc w/c air Cube strengtll 

1197/salt 
1198/salt 
1/99/salt 
II/9S/wet 

1I/99/air/wct 
!l/99/airlsalt 

111/97/c1assical 
1II/97/wel 
111198/wet 

0.32 
O.J I 
0.J2 
0.48 
0.50 
0.50 
0.70 
0.70 
0.67 

o 
O 
O 
O 

3.8 
3.8 
() 

() 

O 

MPa 
\05.1 
94.4 
\07.\ 
62.6 
52.7 
52.7 
J3.5 
33.6 
36,0 

tesnype 

Salt 
Salt 
Salt 
Wel 
Wct 
Salt 

Classical 
Wel 
Wet 

Cement 

Swedish SRPC 
Norwegian OPC 
Swedish SRPC 

Norwegian OPC 
Swedish SRPC 
Swedish SRPC 
Swedish SRPC 
Swedish SRPC 

Nonvegian OPC 

3 DESCRIPTlON OF THE MODEL FOR NON AlR-ENTRAINED CONCRETE 

3.1 Freezing of pore water 
During eooling freezing of water will take place. However, three different situations have 
to be evaluated: 

• "Classieal": Without free water on the surfaee, iee formation will take place as 
nuc1eation of iee erystals randomly in the pore system. The iee will spread in the 
eonerete through the eontinuous system of larger eapillary pores. 

• "Wet": lee formation will generally start in the water layer on top of the specimen, 
since during cooling this will be the eoldest spot on the sample. The ice will spread 
into the specimen via the continuous system oflarger eapillary pores as an ieefront. 
During thawing there can be iee in the specimen and water on the surface. 

• "Salt": Since the freezing point of the salt solution has been lowered due to the salt, 
then the first iee formation will be initiated as nuc1eation of ice erystals randomly in 
the pore system saturated with pure water. The iee will spread in the eonerete 
through the eontinuous system of larger eapillary pores as for the elassical test. 
During thawing there can be iee in the specimen and liquid salt solution on the 
surfaee. 

3.2 Micro ice body formation 
The ice forms as miero iee bodies in the pores. Micro iee body formation has been 
thoroughly deseribed by Setzer [5]. Sueh miero iee bodies in porous materials aets in two 
opposite ways: 
i) They have a lower ehemieal potential than the "free" pore water. Therefore water 

will mo ve towards the miero iee bodies whieh therefore will grow and exert pressure 
on the surrounding pore walls leading to an inerease in votume of the paste. 
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ii) On the other hand, the driving forces for water to move towards these micro ice 
bodies are so strong, that water can be drawn from the gel pares, resulting in 
shrinkage of the paste. 

We think that for highly saturated concrete with high water/cement ratio this 
mechanism will lead to a volume increase, while for low water/cement ratio concrete a 
shrinkage can be expected as long as the liquid uptake from the exterior is not sufficient. 

3.3 Formation of empty cracks around the aggregate particles 
When the paste expands due to formation of micro ice bodies, the cracks will appear 
around the individual aggregate particles. When these cracks open, they will be empty; Le. 
they contain neither ice nor water. 

In the freeze/thaw test, formation of such cracks will be monitared by an increase in 
length or volume of the specimen. Furthermore, since the passage time for the ultrasonic 
pulse is larger in air filled cracks than in water filled cracks. Therefore, for the same crack 
width, the UPTT will be larger when the cracks are empty than when they are water filled. 

3.4 Water-uptake and increasing damage in concrete 
After the cracks surrounding the individual aggregate particles has appeared, then further 
damage in the concrete is controlled by water-uptake in these eraeks. Until they are 
saturated lo a critical degree, no further damage will happen. When the critical degree of 
saturation in the cracks is reached, then the "partic1e" of aggregate and ice in the 
surrounding crack will expand. Expansion of particles leads to cracks in the paste, 
connecting the individual particles. Thus a continuous crack system will occur, leading to 
i ntemal breakdown of the concrete. 

The experimental set-up is a major controlling parameter for the water-uptake and the 
further breakdown of the concrete during the succeeding freeze/thaw cyc1es, as described 
in the following. 

• Classical 
In this set-up, water-uptake during the test can only take place when the specimen is at 
+20°C. The only driving force is capillary suction. However, before start of the frost test, 
the specimen had been exposed for capillary suction for three days. The remaining capacity 
for capillary suclion is therefore very limited, and only a very small water-uptake takes 
place during each freeze/thaw cyc1e. 

In a "semi-sealed" test like ASTM C671 freezing takes place in kerosene and the frozen 
specimens are retumed to water for melting and further absorption. There is then good 
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possibility of further water uptake both due to migration/suction towards ice, and suction 
due to melting ice. 

• Wet 
In this set-up, water-uptake can take place during melting. We assume that the pure iee on 
the upper surface will melt before most of the ice inside the specimen. Therefore water­
uptake can take place due to two mechanisms: 

i) suction towards the miero ice bo dies and 
ii) suction due to the 9 vol% decrease when ice melts. 

Assuming that melting in the specimen starts in the upper layer and gradually goes 
down towards the bortom, these mechanism results in a continuous water-uptake right 
down to the bottom layer. The moisture distribution will therefore be very even within the 
specimen. 

• Salt 
When a salt solution is applied as the freezing media, the water-uptake during the test 
differs from the previous. During freezing micro ice bodies forms randomly within the 
specimen before the salt solution freeze. Therefore water-uptake can take place during the 
cooling period of the freeze/thaw cycle. It must be expected that the major part of these 
micro ice bodies forms tirst in the upper part of the specimen, thus leading to water 
movement from the lower part. Furthermore, due to the salt ions present in the freezing 
media, water moves from the lower part of the specimen towards the upper part eaused by 
osmotic forces. This result in a high saturation in the upper layer of the specimen, and 
expansion due to increase in volume of the micro ice bodies, while shrinkage prevails in 
the lower part caused by the removal of water towards the upper layer. Thus the specimen 
will be in an unstable internaI stress situation which can be released by formation of 
vertical craeks. Therefore scaling is the major destructive meehanism when salt is used as 
freezing media, while internaI damage prevails when water is used as freezing media. 

• Influence ofwater/cement ratio 
The higher the water/cement ratio, the faster the water-uptake and, eonsequently, the faster 
the eritical degree of saturation in the cracks surrounding the aggregate particles will be 
reached. 

Concrete with a high water/cement ratio will therefore be destroyed by internaI cracking 
far earHer than conerete having a lower water/cement ratio. 
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4 INFLUENCE OF AIR-ENTRAINMENT 

It is a well-known and accepted fact, that introducing a proper artificiai air pore structure 
minimises freeze/thaw damage in concrete. The reason for this is, that these artificiai air 
bubbles act as sinks for the ice formation. lce formed in these pores has a lower chemical 
potential than ice formed directly in the pore system as micro ice bodies because no 
restraint for growing from the outer pore walls will influence the internai stress in the ice. 
Thus nearly no micro ice bodies are formed in the capillary pores in concrete with a proper 
artificiai air entraining. No pressure will therefore be acting on the pore walls as long as 
the air voids are not filled critically. 

One way of characterising a proper air pore structure, is the distance between the pores, 
the spacing factor. Practical experience during many years have demonstrated, that if the 
spacing factor is less than 0.2 mm, then the concrete generally will be durable in 
freeze/thaw environment. 

However, in modern concrete, having water/cement ratios below 0.4, and with extensive 
use of mineral puzzolanic by-products such as flyash and microsilica, and water-reducing 
or superplasticizing agents, the spacing-factor concept is no longer general valid. It is 
believed that for low water/cement-ratios and also for some binders with pozzolans 
resulting in very refined and/or low porosity, the permeability or diffusivity is so low that 
transport towards the air voids is not sufficient to hinder pressure due to ice lenses. 
Freezing behaviour, and consequently damage, will therefore to a large extent be identical 
to the behaviour in non-air entrained concrete having the same water/cement-ratio. This 
can be the reason for the large scaling for dense concrete with w/c ratio = 0,30 - 0,40 

5 EXPERIMENTS AND DISCUSSION. 

In [l] more detailed information on the results are given. In this paper only a few typical 
results are shown in order to illustrate the model. 

In figure 1 the accumulated dilation for I/98/SALT, II/98/WET & III/98/WET are 
shown. The dilation plotted has been measured when the specimens were at +20°C. The 
contraction caused by removal of water from the gel pores can easily be seen for the 
specimen I/98/SALT, having a water/cement ratio of 0.31, whereas no contraction has 
been measured for III/98/WET, having a high water/cement ratio of 0.67. However, if the 
specimen is left for 24 hours at 20°C before dilation is measured, no contraction is seen [6]. 
This observation can be caused by a slower re-entering of water into the gel in the dense 
low water/cement ratio concrete. Redistribution of water is further facilitated by access to 
free water on the surface, as will be discussed later in the discussion of variation of 
compressive strengths. 
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0.30 

0.25 

0.20 

~ e... 0.15 
c: 
O •••••• •••••••••••• • 
~ 0.10 

iS 
0.05 

0.00 .... ••••••• •• 
-0.05 

O 14 28 42 56 

No. of freeze/thaw eyeles 

.. 1/9B/SALT .. 1I/98/WET • 11I/98/WET 

Figure l: Aeeumulmed dilatiolI [%} a.l·jime/ioll <!{no. <!ffi'eezelthaw eye/es [4}. 

Continuous measurement during the freeze/thaw cyc1e normally shows expansion during 
the heating part of the cycle. Figure 2 [4] ilIustrate this phenomenon. 

Temperature [deg. C] 

II98ISALTCOOL -­
II/9BMETHEAT 

II98ISALHEAT ,- ~ 

111/9BMET COOL· (l-

1I/98MET COOL 

1III98METHEAT 

Figure 2: Contilluaus dilatiolI during the -12 '''Jreeze/ihmv eycle. measured al LTH [4l 
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This can be explained by two mechanisms: 
i) The thermal expansion of ice is larger than the thermal expansion of concrete. Since 

ice have been formed at lower temperatures than it melts, then the thermal expansion 
of the ice will exert pressure on the inner wall s of the pores during heating, thus 
giving rise to expansion. 

ii) When the water or salt solution on the outer surface is melted, suction of water takes 
place leading to an increase ofvolume of the micro-ice-bodies. 

When the internai ice melts, the volume decrease by 9 vol.%, and the water can be 
redistributed in the specimen. The specimen will then smink. Most of the ice melts elose to 
oDe, even if it freezes far lower. Bager and Sellevold [7] explains this with "ink-bottle" 
pores into which water first freezes when the "bottle-neck" freezes. (Spontaneous 
nucleation of ice in some of these pores might of cause happen) 

The results presented in figure 2 elearly shows the influence of water/cement ratio. The 
higher the ratio, the larger the expansion during both the cooling and the heating. 

Figure 3 shows the cracks around the individual aggregate partieles obtained in 
I!98/SAL T after 112 cyeles. The concrete has been impregnated with fluorescent epoxy in 
order to see the cracks. 

Figure 3: Crackpattern in #I/98;SALT qfler 112 cyc/es.Specimen wid/h: 105 mm [4} 

According to the model, empty cracks appear around the individual aggregate partieles 
when the paste has reached a critical degree of saturation. In figure 4, this formation of 
cracks can be seen by the increase in UPTT. For concrete I!98/SALT, it is furthermore 
very elear, that the UPTT after approximately 14 additional cycles decrease to a lower 
value. This is, to the author's opinion, caused by water filling of these cracks. The same 
phenomenon can be seen tor TI/98/WET, but not for the concrete with water/cement ratio 
of 0.67, IlI!98/WET. Fast water-uptake caused by the high water/cement ratio explains 
why the phenomenon is not recognised when measurements have only been made for 
every 14 cycles. 
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2,00 r···--·························-·····_········-······· ... - .... ,-...•.• ----.. -.-.---, 

1,80 

1= 1,60 

a.. 1,40 

::::> 1,20 

1,00 

0,80 +----r--r---r-~~-~"""""T--,---,--i 

o 7 14 28 42 56 70 84 98 112 

No. of freezelthaw cydes 

__ 1/98/SAL T -k-1I/98NVET - - ... '1I1/98NVET 

Figure 4: llP77'fiw cOl1crete.l" #/l9f!/SiI LT, 11lI/98/JVET & #III/98/WloT [4} 

It can be seen that for III/98/WET the UPTT increases to infinit y between 56 and 70 
cycles, as an indication of that the specimen totally disintegrated. The test had to be 
stopped after 98 cycles caused by this internal disintegration. It shall be noted that in spite 
of this disintegration, then the surface scaling was fairly low, only 0.235 kg/m2 after 98 
cycles. 

Figure 5 shows the water-uptake in specimens 1/98/SALT, II/98/WET & III/98/WET. 
The measured water-uptake in 1/98/SAL T is lowest during the first cycles as expected due 
to low permeability and the moisture distribution. According to the model, the water 
content in the upper part of the specimen is higher than in the lower part due to osmosis. 
This will of course reduce the overall water-uptake. The increasing water-uptake in 
1II/98/WET at high number of cycles is due to a complete disintegration and very high 
porosity increase, see figure 6. 

~ 4,0 .-.. -... --.----.----... --.-...... -............. -...... _···· __ ··_--:-.-1 
-"" 30 
~ , 
å 2,0-

=t 1,0 

~ "'" 0,0 
o 

~-""~"'~~~~-. ~ 
... ~-.- I 

14 28 42 56 70 84 98 112 

No. of freeze/lhaw eyeles 

···· .. ······1/98/SALT ······"'······1I/98JWET ........ ··1I1/98/WET 

Figure 5: Water-uptake asjimclion offreeze/lhaw cye/es [4] 
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Figure 6 shows the crack formation in concrete III/98/WET. As for I/98/SALT, the 
specimen has been impregnated with fluorescent epoxy in order to see the cracks. In this 
specimen, cracks can c1early be seen in the paste, connecting the individual aggregate 
partic1es. 

Figure 6: Craek/i>rmation in 4III/9ii/WET aj/er 9R c.ve/es. Specimen width 150l1/m /4/ 

Formation of cracks can be detected in several ways. Andersen [8] measured cracking in 
concrete during freezing using acoustic emission. Figure 7 shows the crack formation, 
measured as number of counts, as a nmction of the freeze/thaw cycles. Two types of 
concrete have been used, one with a water/cement ratio of 0.5, and one with a 
water/cement-ratio of 0.9. [The curves have been redrawn by the authors of this paper] 

9 11 13 15 17 19 21 23 25 27 29 31 33 35 37 39 

H ours 

mcilw/c = Q.5 ~~w/c = 0.9 ·---Temperature deg. C 

15 

10 

-5 

-10 

-15 

·20 

-25 

-30 

Figure 7: Acoustic emission as/unction ,!{no. '![ eye/es/or two non-air entrained coneretes [ii] 

IT 
g. 
:;!. 

~ 

~ 
E 
~ 
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From figure 7 it can c1early be seen, that the crack formation in the concrete with 
water/cement-ratio of 0.5 mainly lakes place during the tirst cycle, while in the concrete 
with water/cement-ratio of 0.9, a larger portion of cracks forms in the succeeding cycles. 
This agrees weil with the model. In the concrete with the high water/cement-ratio, the tirst 
formed cracks around the aggregate particles quickly get critically saturated, thus giving 
rise to further crack formation in the cement paste. 

Andersen [8] also measured dilation of the specimens. In tigure 8 the correlation 
between crack formation, measured by acoustic emission, and dilation of the specimen is 
shown. It is c1early seen, that for the water/cement-ratio of 0.5, there is an indication of a 
small contraction during the tirst cycle and only a very limited expansion during the next 
few cycles, while for the concrete with water/cement-ratio of 0.9, a linear relationship 
between crack formation and dilation is seen, It is noteworthy that this is the case, since the 
number of acoustic emission counts in the tirst cycle is almost identical for the two 
concretes. However, according to the model, this result could be foreseen. 

~ 'iii' 2500 

g c 2000 
o ::J 

.; ~ 1500 

~ § 1000 
:::I 'ijj 

E.~ 500 
§ ~ 
« 

No. of freeze/thaw ayale • 

............... .,Acc. Acoustic emission, wlc ::; 0.5 ............-"Acc. Acoustic emission, wlc = 0.9 
A i:-:~ "Dilation, wIe::. 0.5 ... -{:.~ "Dilation, wie = 0.9 

Figure Ii: Relalion helween aeculllulaled aeouslic emi",,,'ian and di/alian/or Iwo eonerele (vpes (8/ 

Internai damage caused by freezelthaw action leads to decrease in e1astic modulus and 
strength of the concrete. In the 1997 NORDTEST project [3], strength variations was 
measured as function of the number of freeze/thaw cycles. Figure 9 shows the relative 
compression strength variation. The tigure displays three remarkable features: 
i) An increase in compressive strength between O and 7 freeze/thaw cycles. It is 

believed that this is due to the redistribution of water from the gel-pores to the larger 
pores into which micro ice bodies have formed. 

ii) Decrease in compressive strength between 14 and 28 freeze/thaw cyc!es for 
Jl98/SAL T and IW97IWET, presumably caused by the internai cracking. The 
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decrease in compressive strength appears during the same freezelthaw cycles, as the 
increase in UPTT has been measured. 

iii) For IIII97/CLASSICAL, the strength increase during the first 7 freeze/thaw cycles is 
larger than for II/97/WET. It is believed that this is caused by the lower amount of 
water-uptake in the "classical" test than in the "wet" test, thereby giving rise to a 
more pronounced redistribution of water. At a higher number of freezelthaw cycles, 
the water-uptake has lead to a situation, where the gel pores have regained their 
water-content. Due to the low water-uptake, no damage has taken place during the 
first 112 freeze/thaw cycles in this "classical" test. 

1,2 
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U) ., 

.::: 0,9 

~ 
c. 
E 0,8 
8 
~ 0,7 
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<ii 
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o 14 28 .42 56 70 84 98 112 

No. 01 Ireeze/lhaw cycles 

.. Ii!I ... 1/97/SALT .... <> .. 1II/97/WET -7*-11I/97/CLASSlCAL 

Figure 9: Relalive compre"",\'i,,e slrength measured al SP in the 1997 NORD TEST pro}ect [3]. 

The influence of air entraining has been discussed previously. lt is weil known that both 
scal ing and internal damage in most cases is reduced significantly if the concrete has a 
proper artificiaI air pore structure. 

In some ongoing preliminary experiments [6], water-uptake has been monitored. The 
number of specimens is very limited, and there is no statistical documentation for the 
validity of the results. 

In these tests concrete types II/99/AIRlWET & lI/99/AIRlSALT are being used. The 
water-uptake has been measured as in the former tests. In addition to these measurements, 
some of the specimens have been removed from the freeze/thaw test at 2, 12 and 43 cycles. 
These specimens was split vertically by a splitting test in the compression testing machine, 
the halves specimens weighed, dried and the total water content ca1culated in weight 
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percent. Measurement of the relati ve water vapour pressure exerted by the upper surface 
and the lower surface confirmed the measurements. The results are presented in table 2. 

Tahle 2: IYaler-uplake inlI/99/IJlR/JVET and 1I/99/AJRISALT in Ihe ongoing measuremenls 
WET SALT 

Watcr-uptake, kg/m' 2 cyclcs 0,270 0,146 
Water content upper part. weight % 4.66% 
Water contcnt lowcr part, wcight % 4,0 1% 

Mean 4,34% 
-Water-;;piak~:-kg/;Ir -- -- -6 -cycjes-- --------- --------- ------- -- ------------- ------ --0:,5Ö3- ----- -- -- -öjj j-----
-Watcr-;;piake:-kg/;Ii~-------ii-eycics------------------ -------------------------------Ö:63'i----------Ö-,424- ___ o. 

Watcr contcnt, upper part, weight % 4,18% 4,72% 
Water contcnt,lowerpart, weight % 5_13% 4,7% 

Mean 4.66% 4.71% 
-Watcr:iipiäke:i<g/in1- --- - - -i ileyclcs- ------- ------- --- --------- ---------- -- -- --------ö:siJ- --------- -0,488-- ---. 
-Waier:iipiakö: -kg/;;;l- --- ---i4-cycles- ----- --- --- ----- ---- -- ---- -- ---- -- ----- --------0:882- ----- --- --Öjj6- ----. 
-Wåic~-~piåkc:-kgi;nl--·· --jä' cycic's· ---- ---------- -- ---- -------- --- --- ---0- ---------6:9ig-- ---- -- --'0',5-76- ---_. 
-W-atcr-~ipiake:-kgiil;1-------43-eyC!cs-------------------------------------------------i:ÖÖ4-------··---0.:s-<iö ____ o. 

Water con tent, upper part, weight %. 5,05% 
Water content, lower part, weight % 4,86% 

Mean 4,96% 

The model predicts an almost uniform moisture distribution in the WET specimen. The 
reason for the high er degree of saturation in the bottom of the WET specimen can be that 
the air entraining interrupt the expected almost continuously water filled capillary pore 
system. 

A lower water-uptake (kg1m2) in the SALT specimen than in the WET specimen is 
expected according to the model if the moisture transport from the bottom of the rather 
thick slab to the SALT surface is sufficient. The average water-uptake confirms this, 
however, the reason for almost identical total water-contents in the WET and the SALT 
specimen after 12 cycles is not clear. 

The measured water-uptake in the SALT specimen is in contradiction to the results 
presented in [9] and further discussed in [10]. In these papers, the water-uptake in SALT 
specimens is always larger than in the WET specimens. These measurements have been 
made on non-air-entrained concretes. As discussed for the moisture distribution in the 
WET specimen, interrupted capillary system might be the reason for the observed 
discrepancy. 

ParalIei measurement ofmoisture distribution in the non air entrained l/99/SALT shows 
after 12 cycles a water content in the upper part of 4.1 weight %, and in the lower part of 
3.5 weight %. This agrees weil with the medel. 

In figure 10 water-uptake measured in the two NORDTEST projects are shown. The 
figure c1early iIIustrate that 
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i) Air entraining reduces the water-uptake for the same water/cement ratio {II/98/WET 
& I1/99/AIRlSALT) 

ii) Water-uptake in II/99/AIRISALT {w/c = 0.50} is smaller than in I/98/SALT & 
I/99/SALT {w/c = 0.31) 

The above mentioned data implies, that air entraining breaks the water-filled continuous 
capillary pore system, thus intluencing the water-uptake. 

This phenomenon has to be studied further in order to establish a general valid 
qualitative as weil as quantitative description of the moisture migration inside the 
specimen, the water-uptake and the freeze/thaw damage. 

Ngure ID; Water-up/ake during the.firs/28.freeze//hmv cyc1es {4,6} 

6 FURTHER WORK 

For modern high-performance concrete it is obvious, that the traditional empirical 
acceptance criteria are not satisfactory. Particularly when using secondary cementing 
materials that affect transport properties, research is needed to understand their frost 
behaviour before extensive use under severe winter conditions. Further research regarding 
the relationship between actual moisture conditions for structural elements; their field 
performance and laboratory tests are strongly needed. 
Essentiai further research to be carried out in order to make the model useable for 
quantitatively description of the freeze/thaw damage is, to the author's opinion: 
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? Measurement of water-uptake and dilation to assess whether there is contraction or 
expansion in the specimen. This also gives information about what kind of forces that 
are acting; pressure due to ice lenses acting on the pore walls (or hydraulic in very 
porous materials), or tension due to freezing of a non-critically saturated system. 

? Measurements of moisture distribution within the sample as a function of freeze/thaw 
cycles and testing conditions for both air entrained and non-air entrained eoneretes. In 
order to measure internai transport during the freeze/thaw test, measurements shall be 
carried out continuously, for example by measurement of changes in electrical 
resistivity in different depths. 

? lnfluence of water quaiity. lt has several times been demonstrated, that increasing 
degree of hardness of the water also increase the freeze/thaw darnage. [11]. (To the 
author's opinion, this is hard to explain by a physical rnechanism, since the opposite 
seems to be much more reasonable. The softer the water, the more Ca(OH)2 and C-S-H 
wilI dissolute, thus coarsening the pore structure.) 

However, the opposite has also been observed [12]. In this test, the same concrete 
has been freeze/thaw tested using two types of tap water from Aalborg (Carbonate 
hardness 8.8 dH, total hardness 13.4 dH, pH 7.6) and Borås (Carbonate hardness 9.8 
dH, total hardness 5.7 dH, pH 8.0). The observed scaling was 0.15 kg/m2 using the 
Aalborg water and 0.28 kg/m2 for the Borås water. 

Ongoing tests in Aalborg [13] are studying the relationship between ice formation, 
physical- and thermodynamic properties of the adsorbed water and the freezelthaw 
damage in concrete. 

? Thermodynamic studies of the adsorbed water. 

}- Modelling of crack opening around the individual aggregate particles, for example by 
using microstructural modelling as developed by Prof. Dale Bentz from NIST [14]. 

}- Calculation of the stresses arising from formation of microscopic ice bodies according 
to Setzer. This could be calibrated against the dilation measurements. This ca1culation 
can use the kind of moisture measurements described above, and also be calibrated 
against the dilation measurements 

Finally it must be remembered, that the existing acceptance criteria for durable/non­
durable concrete in a laboratory test basicalIy is purely ernpirical and the acceptance 
criteria is related to a "worst situation". In practise: How often will concrete be exposed to 
water or salt solution of a pessimum concentration? A quantitative model can be used for 
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adjusting acceptance criteria for concrete which are going to be exposed in different 
climates and for concretes utilising secondary cementing materials and -fillers. 

7 CONCLUSION 

The model predicts, that frost damage in non-air entrained concrete is caused by the 
following events. 

During freezing microscopic ice bodies are formed in the capillary pores in the paste. 
Formation and primarily melting of these microscopic ice bodies leads to extensive 
water uptake from the surroundings, iffree water is accessible. 

• When the paste becomes critically saturated, formation of the microscopic ice bodies 
causes a volumetric expansion of the paste. 
This volumetric expansion of the paste results in formation of cracks surrounding the 
individual aggregate particles. These cracks are empty (air-filled) at the moment they 
appear. 
Further water uptake, and maybe also redistribution of water from paste towards these 
empty cracks due to ice formation as in artificiaI air-bubbles, lead to increased water 
content in these eraeks. 

• At a certain time these cracks become critically saturated. Thus the "particle" of 
aggregat e + surrounding crack will expand during freezing. 

• Such expanding partides will lead to cracks in the paste, connecting the individual 
partides. Gradually this crack formation will lead to total breakdown of the internaI 
structure. 

Entrained air decreases the degree of damage caused by freeze/thaw, both with regard to 
scaling and internaI damage. The intluence on water- or saltsolution-uptake is, however, 
not dear. This item has to be studied further. 

Saltsolution as the freezing media results in much more severe scaling, than pure water. 
On the other hand, pure water results in higher degree of internaI damage, than salt 
solutions. For non-air entrained concretes this is explained by the model. 

The damage mechanism described implies, that it is not possible to produce absolute 
freeze/thaw resistant non air-entrained concrete unI ess that the pore structure is so fine and 
homogeneous that no micro ice bodies can form in the pores in the actual temperature 
regime. For air-entrained concrete with a fairly dense paste, i.e. water/cement ratios 
between app. 0.3 and 004, the mechanism also c1arifies the often-recognised low 
tl:eeze/thaw durability. 
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FROST RESISTANCE OF FIBRE REINFORCED CONCRETE STRUCTURES 

Ernst Jan de Place I-lansen 
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Dep. of Structural Eng. and Materials, Technical University of Denmark, Lyngby, Denmark 

SUMMARY 
Frost resistance of fibre reinforced concrete with 2.5-4.2% air and 6-9% air (% by volurne in 
fresh eoncrete) casted in the laboratory and in-situ is col11pared. Steel fibres with hooked ends 
(ZP, length 30 mm) and polypropylene fibres (PP, CS, lcngth 12 mm) are applicd. Tt is shown 
that 
• addition of 0.4-1 % by volume of fibres cannot replacc air entrainment in order to secure a 

frost resistant eonerete; the minimum amount of air needed to make the concrete ti:ost 
resistant is not changed when adding tibres 

• the amount of air entrainmcnt must be increased when fibres are added to establish the 
same amount of air pores as in the corresponding eoneretc without fibres 

INTRODUCTlON 
In this paper results 11-0111 frost resistance tests on fibre reinforced concrete (pRC) casted in the 
laboratory and in-situ at a full-scale test area are reported. The tests are performed as part of the 
Danish research project Design Methods ofFRC, which took place from 1996 to 1999 [1], [2]. 
Overall conclusions from the durability part of the project is presented in [3]. A more detailed 
report is in writing [4]. 

The purpose of the durability tests perfolTIled in the research project is to indicate whether 
fibre reinforced concrete exposed to a combination of Illcchanical and environmental load 
(chIoride, frost, water) is less or more durable than cOl1crete without fibres. Secondly, it is the 
aim to identify impOltant mechanisllls for the effeet of the fibres on the durability. 

Originally the in-sitl! eoneretes were casted for a til11-scale study of crack development 
versus fibre content and type of SUPPOlt. These eoneretes, opposed to the laboratory castcd 
concretes, contained the expected alllount of air, basee! on the mix design. Thcrefore, freeze­
thaw tests werc performed as weil. 

2 MATERIALS 

2.1 Concrete mixes 
Six different eoneretes are mixed in the laboratory (Table l) and six different eoneretes in-situ 
(Table 2) at a full-scale test area near 0lstykke north west of Copenhagen. M, A and SA in 
Table I refer to different environmental classes (moderate, aggressive and more severe than 
aggressive). O refers to concrete without tibres, ZP and PP refers to Table 3. 

When casting concrctc with PP-fibres, the fibres are mixed with fine aggregate and waler 
before they are mixed with the other ingredients. 

At the full-scale test area 6 lanes, 3 m wide, 50 m long and about 120 mm thick are casted. 
An overview is given in Table 2. In the area where cores were taken, thc concrete has been 
covered with plastic the tirst week af ter casting. The concrete in lane 1 is very similar to SA-O 
in Table l. 
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TaMe I. LaboratOl:v concrete mixes. 

Material [kg/m') M-O M-ZP A-ZP S1\-O SA-PP SA-ZP 

Cement ASTM Type III 240 240 
ASTMTypeV 298 285 313.5 285 

Fly Ash 65 65 65 60 66 60 
Silica Fume Slurry 15.5 15.5 15.5 24 26.4 24 

Waler 142.5 142.5 140.5 115 126.5 115 

Air entrainmcnt 0.313 0.313 0.427 0.357 0.393 0.357 
Plasticizer 0.413 0.413 1.484 1.428 1.571 1.428 
Superplasticizer 0.826 0.826 2.968 2.856 7.85 2.856 

Aggregate 0-4 mm 774 774 702 758 758 758 
Aggregate 2-8 mm 340 
Aggregate 4-8 11Ull 319 319 
Aggregate 8- 16 mnl 649 639 669 535 535 535 
Aggregate 16-25 mm 565 473 554 

Fibre ZP 31.2 31.2 31.2 
PP 10.1 

Table 2. In-situ CQl7crete mixes. 

Material [kg/m') Lanc l Lanc2 Lane 3 Lane 4 Lane 5 Lane6 

Support Gravel, Gravel, 2xO.l5 2xO.15 50 mm PS 50 mm PS 
more than marc than mm ml11 PEon 
150 mm 150mm PE on PS PS 

Cement 
ASTMTypeV 285 320 300 320 300 320 

Fly Ash 60 60 60 60 60 60 
Silica Fume 12 12 12 12 12 12 

Water 134 140 138 142 138 144 

Air entrainment 0.339 0.823 0.372 0.823 0.372 0.823 
Plasticizcr 1.428 2.352 1.488 2.352 1.488 2.352 
Superplasticizer 3.213 3.920 3.348 3.920 3.348 3.920 

Aggr. 0-4 mm 708 715 656 706 654 697 
Aggr. 4-8 mm 200 200 200 
Aggr. 8-16 ml11 535 775 535 775 535 775 
Aggr. I 6-25 111111 565 565 565 

Fibre ZP 78 78 78 
CS 0.6 0.6 1.2 1.2 

111e fibres are listed in Table 3. In the laboratory mixes PP- and ZP-fibres are used, in the 
full-seale mixes ZP- and CS-fibres are usecl, aceorcling to Table 1 and 2. The amounts of 
fibres in Table 1 corresponcls to 0.4 % (Z P) ancl 1.0 O/" by volmne (PP), in Table 2 to 1.0 % 
(ZP) and 0.066-0.132 % by volume (CSJ. CS-fibres are designed for contra l oferacking due 
to plastic shrinkage. 



Table 3. Fibres. MaIeriai and size. 

Fibre 

Material 
Length 
Cross-seetion 

3 TESTSETUP 

CS 

Polypropylene 
12 mm 

cl= l811m 

3.1 Laboratory concrcte 

21 

PP 

Polypropylene 
12 m 111 

35 x 250-600 ~lIn 

ZP 

Steel, hookecl ends 
30 111m 

d = 500).Lm 

Reinforced beal11s with dimensions 100x200x1150 mm are used as specimens in the overall 
project on durability presented in [2]. A test set-up has been developed to perl11it beams to be 
subjected to cOl11bined mechanical and environmental load [S]. Mechanicalload is obtained by 
exposing the beams to 4-point bending, resulting in transverse cracks on the centre part of the 
beam. The surfacc crack pattern is characterized using video-scanning and digital image analysis. 

The beams were 5 1110nths old at the time of exposure lo mechanical load. They were kept 
under water unlil they were loaded and crack widths were measured. The loading of the beams 
was carried out within 15 l11inutes. After unioading the crack widths were measured again and 
specimens for the freeze-thaw test were sawn flum the tensile side of the beams. 

Each test series consisled of four specimens from two different beams east in separate 
batehes. Tillee of the specimens were tested with one meehanically induced crack in the 
longitudinal direction of the specimen. One specimen was tested without visible cracks as a 
reference. The dimensions of the test specimens were 50x125x200 mm. 

3.2 In-situ concrete 
Cores with diameter 150 mm were drilled from the concrete lanes. 7.5 months af ter casting, 
whieh took place in October 1997. One specimen with a thickness of 50 mm was sawn fr'om 
each core. Eaeh test series consisted of thrcc specimens. 

3.3 Freeze-thaw test 
Testing was performed aecording to Swedish Standard SS 13 2744 Procedure A [6] at the 

Teclmologieal Institute in Taastrup. Before testing the specimens are eovered according to [6] 
and exposed to a 3 mm thiek layer or 3% NaCl-solulion. protected from evaporation with a 
plastic foi!. The specimens are then exposed to freeze-thaw aecording to a specified temperature 
cycle. After 7, 14,28,42 and 56 cycles the amount of sea led material [kg/m"] is determined and 
the concrete is characterized according to Table 4. Exposed surfaces are casted surfaces 
(laboratory eonerete) and sawn smfaces (in-situ concrele). respectively. 

Table 4. Characlerizalion ofthefrosl resistance according lo [6]. 

Frost resistance 

Very good 

Good 

Acceptable 

Requirement 

For each specimen: m < 0.1 kg/m~ atier 56 eyeles 

m'6 < 0.2 kg/m' or {m,o < 0.5 kg/m' ancll11",/ m" < 2 ) or 
1111 i2 < 0.5 kg/m' 

m'6 < 1.0 kg/m' and m56/m28 < 2 or 
I ml12 < 1.0 kg/m~ 

Unacceptable Ifthe requirements for acceptable fi'ost resistance are not met 

M56. 111,,2: the mean valuc for the material scaled after 56 or 112 eye les 
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3.4 Thin section analysis 
Thin section analysis was performed on laboratory and full-scale specimens ",ith ZP-fibres 
(A-ZP and lane 2 respectively) to study the pare strllctllre, the mixing of fibres and the air 
content l . 

4 RESULTS 
In Table 5 and 6 test results from the fj'eeze-thaw test are shovm as amount of scaled material 
[kg/ml ] after 28 and 56 cycles for all the specimens. In Table 5 the rcsults are grouped according 
to the fact that specimens for each concrete mix ariginatcs ti'om two different batches, AIso the 
average crack width of visible cracks measured in loaded state is given in Table 5. After 
lUlloading the crack widths are rcduced about 66%. 

Measurements of air content in the tresh state (% by volume of concretc) showed that the 
laboratory concrete contained 2.5-4.2 % (SA), 4.5-6 % (A) and 6-7 % CM) respectively, while 
the designed air content was 5.5-6.5 %. The in-situ COllcrete contained 6-9% by volume as 
designed. Notice that the amount of air entrainment is illcrcased 100% when fibres are added 
in the in-situ concrete (Table 2). In the laboratory the amount of air entrainment is not 
increased when fibres are added. Also notice that the maximum size of aggregates is reduced 
in the in-situ mixes when fibres are added. 

Table 5. Freeze-llul'rvlest, /aboralOl:v concrete, Casled surfaces. :-!/}]()l/f1t o/sca/ed materia! [kg/lJl] and crack 
width in loaded ,tate [mm} 

Concrete M-O M-ZP A-ZP SA-O SA-PP SA-ZP 
Beam ID 04 05 09 08 04 05 04 05 04 05 04 05 

28 cvcles 0.94 0.89 1.06 0.21 0.32 1.03 0.02 0.04 0.25 0.37 0.30 0.10 
[kg/;n"] 0.97 0.92 0.64 0.15 0.66 1.12 0.04 0.03 0.53 0.32 0.54 0.09 

56 cvcles J .21 J .11 1.54 0.32 0.89 1.94 0.05 0.11 0.97 1.09 0.91 0.31 
[kg/;n"] 1.33 1.10 1.02 0.26 1.66 2.22 0.10 0.09 1.41 0.53 1.29 0.29 

Crack width 0.09 0.17 0.24 0.17 0.19 0.11 0.19 0.12 0.15 0.D7 0.08 0.16 
[mm] 0* 0.23 0* 0.09 0* 0.33 0* 0.23 0* 0.27 0* 0.20 

*: Specimens from areas without visible cracks (mechanically loaded beams). 

Table 6. Free::e-thaw test, il1-st'tu c:of7c/'efe, Smvn 8wjaces. Amollllf (!lscafed material [kR/m2]. 

Lane 2 3 4 5 6 

28 eyeles 0.08 0.02 0.02 0.01 0.01 0.03 
0.04 0.01 0.01 0.01 0.01 0.04 

[kg/m"J 0.02 0.01 0.01 0.02 0.02 0.09 

56 cycles 0.10 0.03 0.02 0.02 0.02 0.03 
0.04 0.03 0.01 0.01 0.01 0.06 

[kg/m") 0.03 0.02 0.02 0.03 0.04 0.12 

Figure 3 and 4 show examples of the pore structure of laboratory concrete (A-ZP, 0.4% by 
volume of steel tibre) and in-situ concrelc (SA-ZP, 1% by volume of steel fibre). Each picture 
covcrs about 4 x 6 mm. figure l and 2 show the rcslilts of thc fi'ccze-lhaw test for the 
corresponding specimens. 

I Thin section analys is was also perfofmed 011 laboratory specimens with PP-fibrcs in connection with other 
exposure tests (chioride exposure) (not shown here) 
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Figure 1. Sealing [kg/m'} atjreeze-thaw exposure. Laboratory eonerete A-ZP. Air eontem infresh state: 4.5-6 
%. The specimens are iden!ified by the eraek width [mm} inloaded state. 
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Figure 2. Sealing [kg/m'} atfreeze-thaw exposure. In-situ eonerele SA-Z? (Iane 2, Table 2). Air conten! inji-esh 
state: 7.5%. 
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FiglIre 3. Thin seeiian. Laboralory eonerele, fl with 0.4% by volllme o/steeljibre. FIlIoreseenee microscopy. fl 
meehanieally indlleed eraek (0.04 mm wide) is seen in the centre part o/the jigllre. Freeze-thaw exposed slIr/aee 
is seen at the right. 

Figure 4. Thin seeiian. In-sitll eonerete, SA with 1% by volume o/ steel jibre (lane 2, Table 2). Fluoreseenee 
microscopy. 
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5 DISCUSSION 
A literature study shows that the addition oftibres in general do not have decisive importance 
on the frost resistance of concrete. On tbc other hand it shows that also FRC needs air 
entrainment to become frost resistant, regardless of the ability of tibres to arrest cracks and to 
minimize the extent of cracking. It also shows that addition of fibre can have a negative effect 
on the air pOTe structure, especially when adding PP-fibres, [7]. 

5.1 Laboratory concrcte 
Results for some oftbe laboratory mixcs have previously been presented in [5]. 

According to Table 5 and [6] SA-O has a very good ti'ost resistance since no specimen has 
more than 0.1 kg/m2 material scaled after 56 cyc\es. SA-PP shows a frost resistance on the 
border between acceptable and unacceptable and SA-ZP is charactcrized as acceptable (average 
value less than 1.0 kg/nl after 56 cyc1es). However, the results indicatc that the scaling decreases 
when the crack width increases, espccially tor SA-ZP. 

The fact that the specimens originate from different batches does not seem to explain the 
resllits. Neither the properties of the concrete in the fresh state nor the compressive strength after 
28 days water curing indicates any differenccs between the batches. 

While the concrete without fibres (SA-O) was designed för an air content of 5.5 % by volume, 
the actual air contents measured in the fresh state by the pressure method were much lowcr: SA­
O 4.2 %, SA-ZP 3 % and SA-PP 2.5 %, The resl11ts theretore emphasize the need for a critical 
evaluation of the mix design and the ll1ixing methods wllen clesigning fRC-structures. To be 
effectivc in relation to frost rcsistancc not only the amount of air entrainmcnt but also the 
stability of the air pore system is decisive. The tests show that the amount of air entrainment 
needs to be increased when fibres are addecl to maintain a certain air content. 

Even when a satistying air content is aehieved (about 6 % by volume for a concrete with 
water-cement-ratio 0.4) the PP-FRC n0l111ally behaves worse than plain concrcte vvhen tested 
according to [6] althongh it is having an acceptable trost resistance accorcling to the test method. 
[8]. On the other hand. in more than one case it seems that the laboratoI); test has been to tough 
compared with experiences frol11natural weathering, [9]. 

A-ZP and M-O are characterized as "not acceptable" while the spread on the result for M­
ZP is very large depending on which batch is stuclied. lt is not surprising that the M-concretes 
fails in the freezc-thaw test in spi te or 6-7% air (fresh concrete) since they are not designed 
for this typc of exposure. The faet that A-ZP behaves very badly in the freeze-thaw test shows 
l) the effect of a unsatisfactory air conten!. 2) the clTcct oC a less dense concrete (higher 
water-cement ratio) compared with the SA-mix. 

Compared to steel fibres PP-fibres havc lower bond strength to the cement matrix [10], which 
cOllld explain the higher scaling. During the frcezing phase the pressure ii'om the water could 
eventually loosen the PP-fibres from the matrix thereby open the material for more water and 
thereby acceleratillg the degradation. Thin sectioll analysis (Figure 3 and 4) shows that the fibres 
(both PP and ZP) in general are weil mixed into the concrete. 

The existence of mechanically inc\uccd cracks (crack with 0.2-0.3 mm in loaded state) 
seem quite surprisingly to reduce the amounl of scaling at Ireezing. A satisfactory explal1atiolJ 
on this observation is not found. Of COllfse the crack can contain some water and the 
specimen probably contains more cracks inside. thereby removing water from the surface of 
the specimen. On the other hand. both specimens with and without mechanically induced 
cracks and both specimcns with a high and a low amount of scaled materials needed to be 
"retilled" with watcr during the test. lt should also be noticed that the amount of scaled 
material in general is much higher than accepted lO characterizc the concrete as frost resistant 
no matter the induced cracks. 
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5.2 In-situ eoneretc 
The amount of scaled material is lower than 0.1 kg!m~ alkr 56 freeze-thaw-cycles for all the 
in-situ mixes (Table 6) i.e. the mixes are characterized as very good in relation to frost 
resistancc ef. [6]. Therefore it is not relevant to distinguish thrther between the in-situmixes. 

The amount of sealcd material of eonerete without Jibres (Jane l) is comparable with the 
corresponding laboratory concrete (SA-O). 

The higher frost resistance of the in-situ mixes corresponds with the fact that they eontain a 
higher amOll11t of air in fresh state (6-9 % by volumc) as a result of the higher amount of air 
entrainment compared with the laboratory mixes. This is supported by thin section anaJysis. 
Notiee that the in-situ mixes do not incJude SA-PP. This combination of concrete and fibres 
gave the lowest workability and the most unsatisfactory air pore structure in the laboratory. 

5.3 Thin section anaJysis 
Figure 3 and 4 and corresponding figures of concrete with PP-fibres show that the fibres are 
weIl mixed into the eonerete. When comparing Figure 3 and 4 one cJem'ly sees the difference 
conceming the air pore system. In Figure 3 the amount of' air pores is low compared with 
Figure 4 and the distribution of air pores is not satisfactory. Figure 4 shows that it is possible 
to achieve a high air content and still have a satisfactory distribution of the air pores when 
steel fibres are mixed into the eonerete. The pas te seems homogeneous and the concentration 
of air pores is neither lower nor higher around the tibrcs compared to the concrete in general. 
The eITect of the difIerent air pl're systems on the frost rcsistance is deady seen in Figure l 
and 2. 

6 CONCLUSIONS 
The tests Shl'W thai concrete with an air content of 6-9 'Yl, by VOllll11e and a water/cement ratio 
0.4 is frost resistant accl'rding to [6] and that the frost resistance is not affected by the 
addition of l % by volume of steel fibres and/or 0,13 % by volume of CrackStop-fibres. If the 
air content and/or the concrete quality (expressed by the water/cement ratil') are Il'wer, the 
Cl'ncrete is not frost resistant no matter the type offibre (steel or pl'lypropylene). Thin section 
analysis show that the fibres in general are weil mixed inlo the labl'ratory and in-silu concrete. 

The addition of the specitic PP-fibres tested in this projcct makes it harder to obtain a 
satisfying air cl'ntcnt in relation to frost resistance. Also the PP-fibres seem to have a negative 
effect on the workability of the eonerete. The tests show that a highel' amOlUlt of air 
entrainment is needed to maintain a satisfactory amounl of' air when fibres are added. ll1e 
rcsults emphasizc the I1ced for a critical evaluation of the mix design and the mixing metllods 
when designing FRC-struchll'CS, especially in relation to mixes with PP-fibrcs. 

Addition of fibres c10es not ch ange the importance ot' a good concrete quaiity, including a 
certaill amount of air entrainment to seeure the fTOst rcsislance, 
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MODIFIED PROCEDURE FOR DETERMINATION OF INTERNAL FROST 
RESISTANCE BY THE CRITICAL DEGREE OF SATURATION METHOD 

Göran Fagerlund 
Division of Building Materials, Lund Institute of Technology 
Box 112, SE-221 00 Lund, Sweden 

1 INTRODUCTION 

More than 25 years ago the Critical Degree of Saturation Method, the SCR-method, was 
suggested as a general method for determination of the internaI frost resistance of porous 
materials, also giving a possibility to prediet a sort of potential service life and making 
quantitative comparisons between quite different types of material possible [1]. The test 
procedure as applied to concrete was described in a RILEM Tentative Recommendation 
published in 1977 [2]. At the same time, ils potential for testing concrete was investigated in 
an international cooperative test [3]. The deviation in the test results between different 
laboratories were remarkably small. Despite the big potential of the SCR-method, it is only 
used at a few laboratories and then mostIyas a research tool. Possibly the main obstacle for a 
more wide use is that the method is supposed to be laborious and time-consuming. 

In this paper the test principles and test procedures are described. The main results of the 
cooperative test are presented indicating the potential of the method. Problems of more 
principal nature are discussed and solutions to solving these problems and refining the 
method are described. Many of the problems can be considerably reduced or avoided by using 
thin plates for determination of the critical degree of saturation. Examples from a study 
perforned 20 years ago where such thin specimens were used are presented. 

2 THE SCR-METHOD. BASIC PRINCIPLES 

The Critical Degree of Saturation Method (SCR-method) is based on the following principles: 

I: For each concrete there is a certain maximum water content that can accepted if the 
concrete shall remain undamaged by frost, [l, 4]. This maximum water content can be 
expressed in terms of a degree of saturation SeR that can be defined 

(1 ) 

where W CR is the maximum allowable (critical) water content [m3/m3] 

V p is the total pore volume in concrete inc!uding all pores (pares in cement pas te, 

air-pores, pores in aggregate, porous interfaces, crack volume, etc) [m3/m3] 

SCR is an individual value for each concrete. Normally its value is reduced with increased 
air con tent, a fact that can be shown theoretically [4]. SCR seems to be very little 
int1uenced by the freezing rate and the number of repeated freeze-thaw cycles. Probably, 
SCR is decreased somewhat with decreased temperature. Since most ice is formed befare 
-!O°C, this effect is marginal when normal freeze-thaw cycles are used. Possibly, the 
problem can be avoided more or less completely when the degree of saturation is defined 
as an ejfective degree of saturation Sr: 
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(2) 

Where Wfis the freezable water [m3!m3] 

Va is the air-filIed pore volume [m3!m3] 

There is a simple relation between SCR and Sf,CR' The relation depends on the amount of 
freezable water. Thus, it is a function of temperature. In the following, definition (I) is 
used. SCR can be determined by a freeze-thaw experiment using moisture sealed 
specimens conditioned to different levels of S before the test, [2]. 

2: In a real structure, the same concrete will reach a moisture state that is highly variable and 
which depends on the moisture characteristics of the environment. This moisture content 
can be expressed: 

(3) 

Where W ACT is the actuaIJy occurring degree of saturation [m3!m3]. 

S ACT will be a function of time, S ACT(t). In theory, this function might be predicted by a 
theoretical calculation of the future moisture state provided one has access to precise 
quantitative information of the future outer environment and proper calculation tools as 
regards material data and equations for moisture transport in the "overcapillary" range. In 
reality, accurate caIculations (predictions) of S ACT are very difficult or even impossible 
since we have no good theories or calculation tools for this type of moisture transport. 

3: Frost resistance F can now be quantified through the expression: 

(4) 

Or, since SACT (and to a certain extent also SCR) is a function of time: 

(4') 

Therefore, also frost resistance is a function of time. In a very moist environment with no 
possibility for the material to dry F will normaIJy diminish with time. Possibly, it might 
even become negative. In environments with varying moisture contents F will f1uctuate 
with time. Sometimes frost resistance is high (like in the summer or during dry winters), 
sometimes is is low, or even negative (like during a very moist autumn directly followed 
by a period of hard freezing). T/lUS, ji'ost resistance is not an absolute property but a 
function of the environment. 

SACT is a highly stochastic propert y (as is to a certain extent also SCR)' Therefore, F 
defined by eq (4') will also be a stochastic property. A probabalistic approach for 
determination of the risk of frost damage can therefore be used. An attempt is made in [S]. 

Frost resistance defined by eq (4') is, at a certain point of time, on ly a function of the 
amount of water in the concrete at that time. Therefore, frost resistance as defined by 
eq (4') goes up and down with the f1uctuating moisture content. It can very weil be lower 
when the concrete is young than when it is old provided the situation is such that the 
average water con tent diminishes with the concrete age, and!or when the critical degree of 
saturation increases with age. Some studies actually indicate that SCR increases with time. 
An example of this is shown in Fig I [S]. 
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Frost resistance as defined by eq (4') is illustrated in Fig 2. 
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Figure 1. Example of the effect of CO/1C/-ete age 0/1 its critical degree ofsaturation [5]. 
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Figure 2. ]{lustration of "frost resistance" as defined by eq (4) 

4: Since it is impossible to predict the real moisture condition in all parts of the structure, 
SACf can be replaced by a simple water uptake test such as the moisture uptake during 
unintemtpted capillary suction in a thin concrete slice. This degree of saturation is called 
the capillary degree ofsaturation, SCAP(t), and is a function of the water uptake time. 
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Then, frost resistance is defined 

(4") 

In capillary water uptake, the water con tent increases steadily with time. Therefore, frost 
resistance defined by eq (4") will gradually diminish with increasing time, provided SCR 
is constant, or decreasing with time, or increasing with time by a slower rate than SCAP' 

F(t) can be caIled a "potentialjrost resistance" which is the frost resistance under very 
moist conditions with no possibility for the concrete to dry 

Frost resistance as defined by eq (4") is illustrated in Fig 3. 

3 SERVICE LIFE WITH REGARD TO FROST ATTACK 

The definition of frost resistance according to eq (4) can be used for defining the service life 
with regard to frost. The assumption is that one single freezing of a given representative unit 
volume with a degree of saturation above the critical is sufficient for destroying the unit 
volume in question. Thus service life, tlife, is defined by the condition: 

(5) 

Since it is impossible to predict exactly the future moisture content it is appropiate to use the 
concept "potential service life", tp.life' This is defined as the time it takes for the unit volume 
to become critical1y saturated when it is exposed to uninterrupted water absorption from an 
unIimited outer source of free water. Then S ACT is replaced by the capillary degree of 
saturation, SCAP(t), and service life is defined 

(5') 

It can be shown by simple analytical modelling that the water uptake process in the air-pOl'e 
system of a concrete during long-term water storage can be approximately expressed [6]: 

(6) 

Where the term A corresponds to the so-called "nick-point" in a capillary absorption 
experiment and the term B·tC describes the long-term water absorption in the air-pores. B is a 
function of the diffusivity of dissolved air and C is a function of the shape of the air-pore 
system (C;;O.5), [6]. 

By combination of eq (5') and (6) an analytical expression for the potential service life is 
obtained 

(7) 

Where the value SCR is determined by a freeze/thaw experiment and the coefficients A, B and 
C are determined by a capillary absorption experiment. 

The concept potential service life is illustrated in Fig 3. 
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Figure 3. Illustration of "frost resistance" as defined by eq (4 ") and of 
"potential service life" as defined by eq (5'). 

4 EXPERIMENTAL DETERMINATION OF FROST RESISTANCE BY THE 
SCR-METHOD 

4.1 General 

In the experimental method for determination of frosl resistance by the SCR-method the 
definition (4") is used. The test principles are described in [2]. 

The test is composed of two parts: 

Part 1: Determination of SCR by a freeze-thaw experiment 
Part 2: Determination of SCAP(t) by a capillary water uptake experiment. 

The values SCR and SCAP(t) are used for calculating the potential frost resistance by eq (4") 
and the potential service life by the general eq (5 ') or the special eq (7). 

4.2 Determination of SCR 

Specimen dimensions and origin 
SCR is determined on cylinders (or prisms) that are representative for the concrete, i.e their 
diameter shall be at !east 3 times the biggest aggregate. Preferably, damage is determined by 
changes in the fundamental frequency of transverse vibration (a measure of the so-called 
dynamic E-modulus). Therefore, the diameter of the cylinder shall preferably be at least 2 to 3 
times the diameter. For an aggregate size of 25 mm, a cylinder with the diameter 10 cm and 
Iength 20 to 30 cm is suitable, 

The specimens can be cast and pre-cured as desired, or drilled from the structure. 

Number of specimens 
Normally, at kast 10 specimens are required. If there are fewer specimens these can be used 
repeated times with gradually increased water content until damage occurs. Between each 
new freeze-thaw test, the water con tent in the specimen is increased by a new drying­
resaturation cyc!e as described below. 
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Pre-treatment 
The specimens are adjusted to different degrees of saturation between about 0.70 to 1.00. A 
lower spectrum of degrees of saturation are used when the air-content is high (=0.70 to =0.90) 
and a higher spectrum when the air content is low (=0.80 to = I .00). 

The adjustment is made by pre-drying the specimen at about sODe (involves a certain but not 
l1nnatl1ral ageing effect, see paragraph S below), and the vaCUl1m-treatment is made at abol1t 2 
torr residual air-pressure. Water is sucked into the specimen whiIe the vacl1l1m-pump is 
running. The specimens are stored in water until they can be regarded completely saturated. 
The dry weight and the weight in water and air are determined. From these weighings the 
weight corresponding to a certain degree of saturation can be caIcl1lated. Then, the specimen 
is dried in an oven at abol1t sODe until it reaches its desired weight. Then, drying is 
immediately interrupted and the specimen is sealed in heavy plastic foi!. 

Freeze-thaw test 
After some time (a few days), moisture is more or less completely evenly distributed in the 
cylinder and the dynamic E-modl1lus is determined. The specimen is again sealed by plastic 
foi!. 

The sealed specimen is placed in a freeze-thaw cabinet and exposed to S to 10 freeze-thaw 
cyc\es down to about -20De (or any other suitable temperature). Between each new cycle the 
specimen shall be completely thawed. 

After terminated freeze-thaw, the residual E-modull1s is determined and the specimen 
weighed. 

Af ter the test, the specimen is dried completely at + IOSDe and weighed. It is resaturated by 
vaCUl1m and weighed in air and water. From these measurements the following can be 
determined: ' 

I: The exact value of the degree of saturation that prevailed during the freeze-thaw test. 
Normally, since a certain permanent volume increse can be suspected to occur for some 
specimens, S shall be calculated on basis of the volume befO/'e the freeze-thaw test. 

2: The residual, pennanent, volume expansion. 

The residual dynamic E-modulus is plotted versus the degree of saturation. Normally, a rather 
c\ear borderline between undamaged (or only slightly damaged) specimens and severely 
damaged specimens can be discerned at a certain degree of saturation. This borderline defines 
the value of SCR' The least square method can be used for identifying the value of SCR' 

An example of a detennination of SCR of a concrete is shown in Fig 4. The SCR-value is: 

Fig 4 c\early shows that tlle number of freeze-thaw cycles has almost no influence on the 
SCR-value. This is because the specimens are sealed so that each new cycle occurs with 
exactly the same internaI water content. In "open" freeze-thaw, where the specimen has 
access to moisture, a gradl1al water uptake will normally occur during each cycle. Therefore, 
frost damage of ten increases with increasing number of freeze-thaw cycles. This is often 
referred to as a "fatigue effect" which in fact il is not. There is no true fatigue involved in 
freeze-thaw damage; on ly a few cycles are enough to severely damage the concrete if the 
water content is ab ove the critical. There is a certian "Iow-cycle fatigue", but on ly for S>SCR 
a region which is of little interest for defining SeR' This low-cycle fatigue and the effect of 
number of freeze-thaw cycles on damage is further treated in [7]. 
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(NOTE: The volume ch ange t. V can be used as additional information. Then, t. V is plotted 
versus the degree of saturation. Normally, a distinct borderline between no volume change 
and a marked volume change can be observed at about the same value of S as for the E­
modulus [3].) 

(NOTE: Instead of determining the critical degree of saturation one can determine the critical 
moisture ratlo [kglkg]. In this case, it is not necessary to determine the specimen volume, 
neither before adjusting the specimen before freeze-thaw, nor af ter terminated freeze-thaw. 
An example of the use of the moisture ratio is seen in Fig 16.) 

() 9c~les 

x 18 " 
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0.5 tgfl = 8.5 

o~~~~--~--~~~ 

0,5 0.6 0,7 0,8 

Figure 4. Example of a determination of the critical degree ofsaturation of a concrete 
(w/c=0.45, air con tent 6 %). 

4.3 Determination of SCAP 

Specimen dimensions and orig in 
S ACT is determined on thin slices sawn from east cylinders or drilled-out cylinders. The slice 
has to be thin enough to enabJe the identification of an evident "nick-point" in a water uptake­
time diagram separating the initial ph ase with a rising water front from a later phase where 
the coarse pore system (the air-pore system) is gradually water-filled. For normal concrete 
(w/c<OA5) a thickness of about 15 to 25 mm can be used. For high performance concrete 
with very low w/c-ratio the slice must sometimes be thinner. 

It is also important that the long-term absorption in the air-pore system occurs simuItaneously 
over the entire cross-section. If not, the calculated SCAP-value, being an average value for the 
entire slice, under-estimates the degree of saturation in that part of the slice that is elosest to 
the water source. Also for this reason it is important to use slices that are as thin as possible. 

The specimens should be of the same origin as the specimens for SCR in order to make a fair 
comparison beteween SCR and SCAP possible. The SCR-cylinder is rather long, however, while 
the slice is thin. Therefore, in order to be representative, the slices should not be taken from 
one location only, but from different depths; see Fig S. The pre-treatment of the cylinder from 
which the SCAP-specimens are sawn should be exactly the same as for the SCR-specimens. 



36 

Number of specimens 
Normally, at least S specimens are required. More specimens can be used if the variation in 
the concrete is big. 

SCR-cylinder SCAP-CY linder 

Slices for SCAP-determination 

Figure 5. Principles for the selection of specimens for SCArdetermination. 

Pre-treatment 
Before water uptake the slices are pre-dried. Theoretically, this drying should be made at 
about SO°C in order that the SCAP-specimens shall have the same pre-treatment as the SCR-
specimens. Drying in room-atmosphere can be made, but then the eventual ageing effect 
caused by increased temperature will not be considered. Carbonation of the surface of the 
cylinder should preferably be avoided by storing and drying the slices under CO2-free 
atmosphere. 

Water uptake test 
Af ter cooling to room temperature the specimens are placed in a tray with water so that about 
1 to 2 mm of the bottom surface is immersed. The weight increase is followed by rapidly 
taking the slice from the bath, drying its sorption surface with a moist sponge, and weighing 
it. Then, the slice is immediately put back in to the bath. The weighings are made with shOl1 
intervals during the first hours (S-15 minute interval) and with longer interva1s thereafter (I 
hour to 3 days, or more). The absorption experiment is mn for at least 14 days but preferably 
it is prolonged. 

After the test, the specimen is dried completely at + 10SoC and weighed. It is resaturated by 
vacuum in the same manner as the SCR-specimens and weighed in air and water. From these 
measurements the pore volume can be determined for each specimen. Then, SCAP as function 
of the water absorption time can be calculated. The mean value for the specimens defines the 
SCAP-curve. 

An examp!e of a determination of SCAP of the same concrete as in Fig 4 is shown in Fig 6. 
In this case the absorption curve can be expressed 

SCAP=0.66+3.81·10-3·t°.42 (t in hours) 

(NOTE: Instead of determining the capillary degree of saturation one might determine the 
capillary moisture ratio [kglkg]. In this case it is not necessary to determine the specimen 
volume but on ly to dry the specimen completely after the test.) 
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Figure 6. Example of a determination of SCApfor the same concrete as in Figure 4. (The 10-
west of the three curves is valid. The other curves are validfor other concretes). 

4.4 Determination of the frost resistance and the potential service life 

Frost resistance is defined according to eq (4"). For the concrete in Hg 4 and 6 it is valid 

F(t)=0.845 -{0.66+3.81·10·3·t0.42} 

The potential service life is: 

tp,life = {(0.845-0.66)/3.81·1O·3 }l/O.42 = 1.03.104 hours (431 days) 

4.5 The international comparative test of the SCR-method 

A comparative test of the SCR-method was performed during the years 1974-1975. Two 
concretes were produced and cured at our department and thereafter tested at 5 European 
laboratories. The results of the test have been published, [3]. A short review of the results are 
given below. 

The characteristics of the concretes were as foIIows: 

Concrete Type I: 
Concrete Type II: 

N on-air-entrained 
Air-entrained. 

Fresh air content 2.1 %. 
Fresh air content 7.6%. 

w/c-ratio 0.50 
w/c-ratio 0.57 

The SCR.cylinders (diameter 100 mm, length 200 mm) were stored in saturated lime water for 
63 days and then pre-dried at +50°C to interrupt the hydration and cause a certain ageing. 
Then, they were sent to the laboratories. The slices (thickness 25 mm) were cut from the same 
type of cy linders as the SCR -cylinders. They were also stored in saturated lime water for 63 
days and then pre-dried at +50°C in CO2-free atmosphere. 
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The freeze-thaw procedure was carefuIly prescribed. Despite this, there were rather big 
differences between the different labotatories. So for example the rate of freezing within the 
range DoC to -l DoC varied from 1.9°CIh to 7.1 °CIh. The minimum temperature varied from _ 
17°C to -24°C; see Fig 7.6 freeze-thaw cycIes were ron at each laboratory. 

Despite the rather big variation in the freeze-thaw cycIe the SCR-value was fairly weIl-defined 
as seen in Fig 9 and Table l. There possibly is a marginal effect of the freezing rate as seen in 
Fig 8 where the SCR-value is plotted versus the freezing rate. 
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Figure 7. Freeze-thaw cycles used at different laboratories in the cooperative test [3]. 
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Figure 8. The critical degree ofsaturation versus the cooling rate between Oand -!O°e [3]. 

The SCAP-deterrnination was run for 14 to 21 days. The results are shown in Fig 10. SCAP 
after 2 weeks of absorption are also shown in Table l. The spread in results is remarkably 
small. 



39 

The frost resistance is calculated by eq (4") and plotted in lin-log scale in Fig Il. Values of 
the frost resistance af ter 2 weeks of water uptake are also listed in Table l.The difference in 
service life between non-air-entrained and air-entrained concrete is evident. 

Table i: Results of the international Comparative Test of the SCR-method [3J. 

LabNo 

1 
2 
3 
4 
5 

Mean 
Stand. dev. 

L'l8/L'lt Concrete Type I ConcreteType II 

O-+lO°C SCR SCAP(14 d) F(l4 d) SCR SCAP(14d) F(l4d) 

1.9°C/h 0.870 0.900 
7.1 
4.1 
2.9 
2.9 

0.5 

0.870 0.910 
0.885 0.925 
0.875 0.900 
0.900 0.910 

0.880 0.910 
0.013 0.012 
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Figure 9. The International Cooperative Test. Results of the determination ofSCR!3J. 
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Hfrost resistance H as defined by eq (5')[3). 
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It is noteworthy that the differences in frost resistance deterrnined at the different laboratories 
are so small, especially considering the fact that 4 of the laboratories had never used the SCR­
method before. There are few (or no) international comparative investigations of frost testing 
methods that have given so small differences between different laboratories. This indicates 
that the SCR-value is a fairly "insensitive" propert y, which is not so much influenced by 
deviations in the test procedure. The same is valid for the capillary absorption test. 

5 SOME THEORETICAL DIFFICULTIES WITH THE SCR-METHOD 

Theoretically, there are some problems with the SCR-method that ought to be considered: 

Problem 1: 
The drying of cylinders before adjustment to the desired S-value is rather time-consuming. 
This problem is more pronounced the higher the concrete quaiity (the lower the wle-ratio). 
Normally, more than 1 week is required for normal eonerete, and even longer time for high 
performance concrete. 

Problem 2: 
The concrete might have a certain variation in its properties from the surfaee inwards. Thus, a 
cylinder drilled from the real strueture, or east, will have different air-pare characteristies on 
different depths from the surface. Thus, the SCR-value determined is not as precise as it might 
have been, had the air-pOl'e system been exactly the same over the entire specimen volume. 
The SCR-value is a sort of mean value for the entire, rather big, specimen. 

Problem 3: 
The slice for determination of SCAP is only representative for the rather thin part of the 
concrete that it represents. Maybe, therefore, the air-pore structure of the SCAP-slice is 
somewhat different from that of the SCR-cylinder. This defect can partly disappear if the 
SCAP-slices are taken from different depths that are representative for the entire concrete; Fig 
5. 

Problem 4: 
The SCR-value almost always corresponds to a certain water-filling of the air-pore system. In 
the test, the SCR-value is determined on specimens that are dried to different S-values while 
the SCAP-value is determined on specimens that are moistened. There might be a hystersis 
(e.g. due to an "ink-bottle effect") between drying and absorption so that for a given S-value 
coarser air-pares are water-filled at desorption than at absorption. If so, it is theoretically 
wrong to compare the SCR-value and the SCAP-values as is done in the SCR-method. The 
hysteresis is visualized in Fig 12. A discussion of the mechanism behind hysteresis 
phenomena in the "over-capillary" range is performed in [8]. 

Problem 5: 
During drying to the desired water content before freeze-thaw, some moisture gradients over 
the cross-section might arise. Therefore, the average S-value of the specimen is not 
necessarily representative for the entire volume. Same parts might be drier and some wetter. 
The effect has been in vestigated for other materials than concrete and turned out to exist, but 
not to be so big [1]. Most of the gradients disappear when the concrete cools down, first to 
room-temperature, and finally to the freezing point. The effect willlead to a somewhot lower 
SCR-value than the real value, that is valid for a small unit volume with no mai sture gradients. 

Problem 6: 
In the general definition of frost resistance by eq (4) no consideration is taken to how water 
enters the concrete. In the test, however, only isothermal capillary water uptake is considered. 
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In reality, under certain circumstances, some more water might enter the eonerete. Examples 
of such circumstances are: 

l: Repeated freeze-thaw under very moist conditions. Then, water might be forced in by 
other, more forcefu!, mechanisms than these acting during isothermal water uptake. 

2: Condensation of moisture under dense surface layers due to temperature gradients. 

These water uptake mechanisms are not considered in the test as it is designed now. 

Problem 7: 
Absorption in the air-pore system during the SCAP-test is assumed to take place simultaneous-
ly and evenly over the entire specimen volume, i.e. absorption is not assumed to take part as a 
mo ving boundary from the water surface inwards. This can be questioned because it should 
be more easy for dissolved air to escape from pores that are closer to a free surface. An 
analysis performed in [4] on the rate of dissolution of air in an air-pore and the rate of water 
absorption from the water surface filling the emptied pore, indicates, however, that it is 
reasonable to assume a more or less uniform absorption if the SCAP-sliee is sufficiently thin. 
Studies of the effect of slice thickness on the long-term absorption ought to be performed, 
however, in order to verify the hypothesis. Probably, there will be a deviation from uniform 
absorption when the specimen reaches a certain critical thickness which might be rather small 
for concrete with low water/binder ratio. 

Problem 8: 
The pre-drying before adjusting specimens to different S-values before the SCR-test and 
before the absorption test is started can be questioned. Drying has two effects, one positive 
and one negative. The positive effect is that water-filled pockets in the concrete, or water­
filled coarse aggregate pores are dried-out and are then very difficult to resaturate by normal 
means. The negative effect is that the amount of freezable water tends to increase 
substantially when a concrete is dried once. There are many observations that the positive 
effect is dominating over the negative in a traditional freeze-thaw test. In the SCR-method, 
however, these emptied pockets are re-saturated more or less completely during the vacuum­
treatment before the frost test. Therefore the positive effect shoud be very much reduced at 
determination of SCR' On the other hand the negative effect of increased amount of freezable 
water will still be there. Thus, the net effect might be that the SCR-value measured is a bit 
lower than the value valid for undried concrete. On the other hand, also the SCAP-value is a 
bit lower due to the problem of filling emptied pockets. 

Besides, it is not unlikely that a concrete surface in a real structure will reach both +SO°C and 
higher temperatures during hot summerdays. Therefore, the drying phase used in the SCR-
method is not necessarily unnatural for field eonerete. 

In the following paragraphs procedures are outlined to avoid, or diminish, the first six of the 
problems. The other two problems are discussed ab ove. 

(NOTE: It must be observed that the problems presented above are not bigger than different 
problems related to other freeze-thaw tests in use today.) 
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(alO Water-filled "air-pore" (b) Air-filled "air-pore" 

·/ir'fille~ir.pore" OJ 
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Figure 12. Illustration of moisture hysteresis in the air·pore system. (aJ Absorption giving 
the lowest possible value of SCR' (b J Desorption giving the highest possible value 

ofScR[7j 

6 THIN SPECIMENS FOR DETERMINATION OF SCR 

6.1 Principles 

Problems 1,2 and 3 can be solved mare or less completely if SCR is determined on the same 
type of specimens as SCAP, i.e. on thin slices with the same diameter and thickness, and taken 

from the same location inside the concrete as the SCAP-slices. 

Problem 1: Long drying time 
The ratio of drying time between a 15 mm or 25 mm thick slice, and a 100 mm diarner 
cylinder is about 0.10 and 0.25. This means that if the drying time for a 100 mm cylinder is 2 
weeks it will be less than 2 days for a 15 mm thick slice and less than 4 days for a 25 mm 
thick slice. In addition, all determinations of volume and S-value will be considerably less 
time-consuming when slices are used. 

Problem 2: Less well-defined value of SCR 
If all specimens for determination of SCR are thin and taken from the same depth from the 
surface the spread in air-pore structure between different specimens and inside the same 
speci-

men will be reduced. Consequently, also the SCR-value will be determined with a higher 
precision. Besides, by taking series of specimens from different depths, the spatial varaiation 
in SCR over the concrete volume can be determined; Fig 13. 

Problem 3: Different air-pont structure in specimens for SCRand SCAP 

Since the SCR-slices and the SCAP-slices can be taken at the same depth from the concrete 
surface the air-pore structure in the two types of specimens are the same. Consequently, the 
SCR-value and the SCAP-value can be directly compared in a more safe way. Besides, one can 
determine the variation infrost resistance within a structure by comparing SCR and SCAP for 
the same depth in the concrete: Fig 13. 
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Slices sawn from different depths for determination 
of the variation in SCR and SCAP 

Figure 13. Distribution of SCR' SCA? and potential service life within the concrete. 

Time 

(NOTE: If the plate is thinner than the coarsest aggregate grain, this will be cut exposing both 
its interface to the cement paste and its interior structure. This means that if the aggregate 
contains pores these might take up more water during the saturation phase before freeze-thaw 
than what should have been possible had the grain been completely embedded in cement 
paste. Besides, the interface might absorb more water than is possible in the real situation. On 
the other hand, this excess water can easi!y escape through the aggregate surface when the 
slice freezes. The net effect of the saw-cut is not possible to estimate without making tests, 
for example by comparing SeR determined on slices with SeR determined on cylinders. 
Possibly, the effect is marginal for most concretes. For safety reasons one should avoid to use 
thin plates for concrete with porous aggregate until this question has been clarified. Normally, 
one should also use slices that are at !east 1.5 times the size of the coarsest aggregate so that 
some coarse aggregate grains are completely "sealed" by cement paste.) 

6.2 Method for determination of SCR using thin plates 

The experimental technique for determination of SCR using thin plates is exactly the same as 
for determination of SeR on cylinders. The pre-drying, the resaturation, the adjustment of the 
S-Ievel, the freeze-thaw procedure, and the final determination of the dry weight and pore 
volume are exacly the same as for cylinders. 

As for the cylinders, damage is best judged on basis of the fundamental frequency of 
transverse vibration. There are many possibilities to do this. The following procedure has 
been used with success. The slice is placed with one flat side on a foam-rubber plate. The 
edge of the slab (or centre depending on the vibration mode) is activated by a vibrator driven 
by a tone-generator. The response from the specimen is catched by a piezoelectric pic-up 
attached to the edge of the slice. The signal from the pic-up is amplified and shown on an 
oscilloscope screen. The input frequency is varied unti! resonance is reached as seen as a 
maximum in the pic-up amplitude. The corresponding fundamental frequency is proportional 
to the square-root of the dynamic E-modulus, [9]: 

where 

f=(aJr2){E.h3/(l2(l-v2).m} 1/2 = Const.E1I2 

f is the fundamental frequency [Hz] 
r is the radius of the plate [m] 
E is the E-modulus [N/m2] 
h is the plate thickness [m] 
v is Poisson's ratio 
m is the mass per square-meter of the plate [kg/m2] 

or E=Const·f2 (8) 
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The coefficient a depends on the mode in which the plate vibrates. For the lowest mode 

consisting of two perpendicular node diameters and no node circle a=5.251. For the higher 
mode where there are no node diameters but only one node circle a=9.076. In this case the 
pic-up (or vibrator) can also be put at the central part of the plate. The node giving the highest 
and most sharp response is used. NormaIly the fundamental frequency is very weIl defined 
making it fairly easy to detect the SCR-value. 

6.3 Experimental results 

A series of 23 different eoneretes were produced. The w/c-ratio varied from 0.35 to 0.64 and 
the air con tent varied from natural to more than 9%. Different air entraining agents and 
different superplasticizers were used. A number of cylinders (diameter 100 mm, length 200 
mm) were east from each batch. Af ter water curing for at least 28 days, 15 mm thick slices 
were cut from the centre part of the cylinders. 16 slices were used for determination of SCR 
and 5 slices for determination of SCAP' 

S CR was determined according to the method described in [4]. In all cases rather distinct 
values of SCR were identified. Results for two of the concretes are shown in Fig 14. The SCR­
values are: 

wie 0.46, fresh air content 6.0%: 
wie 0.58, fresh air content 3.6%: 

SCR=0.89 
SCR=0.95 

(NOTE: Theoretically, the maximum possible effective critical degree of saturation is 0.917 
based on the fact that there must be room for the 9% volume expansion when water is 
transformed into ice. However, the fact that SCR>0,917 for one of the concretes above is no 
contradiction to this requirement, because all of the pore water is not freezable; campare the 
two different definitions of degree of saturation according to eq (l) and (2).) 
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Figure 14. Detennination of the degree of saturation of /Wo types of concrete using 15 mm 
thick plates. 



46 

SCAP for these two concrete was also determined, Fig 15. The long-term absorption can be 
described by. 

wie 0.46: 

wie 0.58: 

SCAP=0.63+ 1.74·10-3·t°.5 (t in hours) 

SCAP=0.74+ 1.35·10-3·t°.5 

This means that the frost resistance af ter 1 month of uninterrupted water absorption is (as 
defined by eq (4"»: 

wie 0.46: 
wie 0.58: 

F(1 month)=O.89-{0.63+ 1.74.10-3(30.24)110.5 }=0.213 
F(1 month)=O.95-{0.74+1.35·1O-3(30·24)1/0.5 }=0.173 

Consequently, the risk of frost damage is lowest for the concrete with the lowest w/c-ratio 
and the highest air content. 

Af ter 1 year of continuous water absorption the corresponding values of the frost resistance 
are: 

wie 0.46: 
wie 0.58: 

F(1 year)=0.097 
F(1 year)=O.083 

The difference between the two eoneretes is now smaller which depends on the fact that the 
rate of long-term absorption is a bit higher in the concrete with the highest air content. This is 
reasonable since diffusion of air through air-filled pores is much more rapid than diffusion 
through water-filled pores. 

The potential service life as defined by eq (7) is: 

wie 0.46: 

wie 0.58: 

~,life = {(0.89-0.63)/1.74·10-3 }1I0.5=2.2·104 hours (930 days) 

~,life= {(0.95-0.74)11.35·1O-3} 1/0.5=2.4·\04 hours (1000 days) 

The difference between the concretes is almost negligible. 
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Figure 15. Determination ofSCApfor the same eoneretes as infigure 14. 
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7 ADJUSTMENT OF THE DEGREE OF SATURATION BEFORE FREEZE­
THA W USING AN ABSORPTION PROCEDURE 

Problems 4 and 5 described in paragraph 4 can be avoided by adjusting the SCR-specimens 
before freeze-thaw by absorption from a dry stage instead of by drying from asaturated stage. 
Therefore, instead of saturating a pre-dried specimens completely before adjustment to the 
desired S it is evacuated to a certain residual air pressure. Then, water is let into the vacuum 
chamber containing the specimen. The lower the residual air pressure the higher the degree 
of saturation reached. Theoretically, according to Boyle's law and neglecting the air-pOi'e 
pressure created by capillary forces, the following relation exists between the residual air 
pressure and degree of saturation. 

where 

(9) 

v w is the initial water volume af ter pre-drying but before vacuum treatment [m3] 

V p is the total pore volume [m3] 

Pr is the residual air-pressure during vacuum pumping [Pa] 

Po is the atmospheric pressure [l05 Pal 

According to this equation, s=o when no vacuum is applied. Of course this is erroneos and 
depends on the fact that capillary action is neglected in eq (9). In reality S~ l-V.fY p after such 
a treatment where Va is the effective air-pore volume in the specimen. However, eq (9) can be 
used for selecting the residual air pressure to be used at adjusting specimens to different 
desired S-values. For V w=O the following relations between residual pressure and S are valid: 

Pr= 2 torr (260 Pa): 
Pr= 20 torr (2630 Pa) 
Pr= 50 torr (6580 Pa) 
Pr=lOO torr (13150 Pa) 
Pr=200 torr (26300 Pa) 

S~0.997 

S~0.974 

S=0.934 
S=0.869 
S",0.737 

Consequently, since normal values of SCR lies between 0.75 and 0.95 the residual pressures to 
be used should be between about 2 torr and 200 torr. 

By using absorption and not drying for adjusting the specimen to the desired value of S, 
moisture gradients are avoided more or less completely. 

8 ALTERNATIVEWAYSOFDETERMININGSACT 

As said before iu paragraph 5, there are situations where the capillary water uptake gives 
moisture levels that are lower than those reached in the real structure. Then, the definition of 
frost resistance by eq (4") is not directly applicable, unIess it is possible to translate a given 
real environment into a certain point on the capillary absorption-time curve. 

This difficulty will not reduce the possibiIity of using the SCR-method as described by the 
general eq (4). SCR is not affected by the manner by which water enters the eonerete. 
Therefore, it is determined in the same way irrespectively of the use of the concrete. The 
actual degree of saturation S ACT is now instead determined by a method that represents the 
real situation and not by a simple capillary water uptake test. Imaginable possibilities for 
determination of S ACT are: 
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l: Water absorption during jreeze-thaw cyc/ing. Thin specimens (e.g. the same as the normal 
SCAP-specimens) are constantly exposed to water on one side. They are also exposed to 
representative uni-directional freeze-thaw cyc\es starting from the moist side. The water 
absorption (expressed as S ACT) is measured as a function of the number of cycles. 
(NOTE: Test results after the concrete has started to deteriorate cannot be used because 
then SCR is transgressed over an unknown portion of the specimen. It is the absorption 
bejore eraeking that is of interest in the SCR-test. Results af ter cracking are meaningless.) 

2: Water aborption during temperature variation: The normal SCAP-test is performed under 
varying temperature simulating natural temperature variations 

3: Water absorption during internal moisture redistribution and condensation: Concrete 
plates are sealed on one side by epoxy or any other dense material. The uncovered surface 
is placed in contact with water of constant temperature. The covered surface is exposed to 
repeated rapid temperature lowering simulating natural cooling (e.g. cooling by radiation 
towards a dark winter sky). The moisture uptake and moisture distribution is measured 
and expressed in terms of degree of saturation. 

There are many other possibilities of determining values of S ACT that are more realistic for 
the real field conditions than the values given by the simple SCAP-test. These S AC'rvalues can 
then be used in eq (4) for a quantitative estimation of the frost resistance of a given concrete 
in a given situation. 

9 FINAL REMARKS 

As described above, the SCR-method could probably be rationalized and also improved as 
compared to the original procedure described in [2]. By using thin specimens for 
determination of SCR and by shortening the SCAP-test, making use of a reasonable extrapola-
tion of the observed water uptake curve, the total test time can be reduced considerably. No 
more than 2 or maximum 3 weeks would be needed which makes the SCR-method just as 
rapid as other methods for determination of internai frost resistance. In the method ASTM 
C666, 300 freeze-thaw cycJes are used with a total test time from 3.5 weeks to 9 weeks 
depending on the freeze-thaw rate used. 
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Figure 16. Determination oj the critical moisture ratio, U. Concrete I in figure 9[3 J 
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The somewhat laborious work required for determination of the degree of saturation of all 
specimens can be reduced considerably if the moisture ratio is used instead. Examples of the 
use of moisture ratio for determination of the critical moisture content is shown in Fig 16 
where results from the international cooperative test are plotted. 

The method of determining capillary water uptake described in [2] can be very much 
simplified; the first absorption when the water front is penetrating the specimen is neglected 
since it is not relevant for defining frost resistance. Besides, the weight increase might be 
measured a couple of times only during the week (or weeks) that the experiment is run. 

Finally, it can be mentioned that EMPA in Switzerland has for a long time used a somewhat 
simplified version of the SCR-method as its standard frost-test method [10]. 
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USING LOW-TEMPERATURE CALORIMETRY WHEN STUDYING INTERNAL FROST 

RESISTANCE OF CONCRETE 
- Part of a research project on Internai Frost Resistance of Concrete 

Katja Fridh 
Division of Building Materials, Lund Institute of Technology 
Box 118 
221 00 Lund, Sweden 

1 INTRODUCTION 

1.1 Measuring teehniques 
When studying ongoing interna! frost deterioration there are some measuring techniques 
available. The techniques can be divided into two types. One type is based on measurements 
of internaI cracIdng by sending a signal or pulse through the material like ultrasonic pulse 
transmission or using acoustic measurements. The other type measures the response of the 
material by detecting the Iength-change. The later technique is more sensitive because the 
material does not have to be damaged to be able to detect response. In this paper it will be 
shown how this technique combined with calorimetry can give even more information. This is 
based on ideas ofVerbeck and Klieger [1]. 

2 CALORlMETRY 

2.1 lee-formation releases heat 
When water is transformed into ice 333 J/g of heat is released. Therefore, if the amount of 
heat can be measured the amount of ice that is formed at different temperatures can be 
calculated. To measure the heat developed a low-temperature SETARAM BT 2.15 II 
calorimeter is used in our laboratory. To control the low temperatures liquid nitrogen is 
supplied to the calorimeter from a tank next to the calorimeter (fig.l). Bager and Sellevold 
have used this technique with great success in series of investigations [2,3,4]. 

Figure J. The SETARAM calorimeter with the liquid nitrogen tallk. 
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2.2 Low-temperature calorimeter 
The calorimeter (fig.2) consists of (from the outside) a layer of insulation consisting of 
mineral powder in vacuum. Inside of the insulation there is a liquid tight tank, which eontains 
the liquid nitrogen. The level of the liquid nitrogen is kept constant during measurement to 
obtain the best stability. Inside the liquid nitrogen tank is the calorimetlie chamber. It is a 
liquid tight ehamber with controlled atmosphere to avoid low temperature condensation. It 
consists of the ealorimetlic block and two inlets, one to the specimen cell and one to the 
reference cell. Between the calolimetric block and the casing is the thermostat and peripheral 
resistor winding. These together with the controi thermosensor enable the regulation of the 
block. The cells are completely surrounded by heat f10w detectors. These measure the heat 
exehange difference between the two cells, which con'espond to the heat exchange of the 
sample corrected for disruption from the regulation of the block. The temperature of the block 
can be controlled to be constant or in scanning mode. The temperatures can vary between 
200°C - (-196°C) and the scanning rates are within the range O.06-60°C/h. 

Figure 2. Cross-see/ion 0/ the calorimeter 

2.3 CaIculating ice-formation 
The ice formation process releases heat in proportion to the amount of ice. This heat can be 
measured by the calorimeter desclibed above and the iee formed at different temperatures can 
then be caJeulated. A typical result from freezing of a cement mortar can be seen in fig 3. The 
large super-cooling occurring as a result of the lack ofnucleating agents results in a large first 
peak when water of the largest pores freezes. The other two peaks can aJso be a result of local 
super-cooling in isolated pores and do therefore not necessary reflect the pore size 
distribution. Therefore the freezing curve is not suitable for determination of the pore size 
distribution. New results using cholesterol as a crystallisation agent [5] show very little super­
cooling. Therefore will this be tried in the following work. 

The calorimeter measures the heat f1ow. That signal contains contributions from everything 
inside the specimen cell but the significant contributions are from the sample, water, ice and 
the transformation between water and ice. The area beneath the graph represents the amount 
of ice, and to detelmine this area a baseline has to be determined. This baseline has to be 
adjusted for the decrease in heat capacity of the system during cooling because of the 
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formation of ice. lee has lower heat capacity than water. That can be done with a simple 
program, for example using Matlab. 

Freezing curve for cement mortar 
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Figure 3. Heatflow from a cement morlar in the SETARAM calorimeter during jreezing. 

Melting of cement morlar 
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Fig"re 4. Heat flow from the same cement /Ilortar as in fig 3 in the SETARAM calorimeter during melting. 

The calculations are done by dividing the graph into appropriate temperature steps where the 
heat flow in every step is adjusted for the amount of ice formed or melted before the actual 
step. 
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3 LENGTH-CHANGE MEASURING EQUIPMENT 

3.1 General 
When measuring the length-change curve during freezing and thawing on rather big samples a 
rig of a material which have a small thennal movement like invar and a L VDT -sensor is used. 
When investigating freeze/thaw phenomena which involve moisture and moisture transport it 
is very important to minimise the specimen preparation time. That is possible using LVDT­
sensors. The specimen is placed in the rig where the sensor is fastened (fig.5). The whole 
device is then placed in a freeze cabinet for the test (fig.6). 

Figure 5 alId 6. Measuring lelIgth-chalige 011 large samples. 

3.2 Dilation measurements in a low-temperature calorimeter 
When trying to measure the length-change curve in a calorimeter using a L VDT -sensor a 
somewhat different technique has to be used. There is no place for a rig so the equipment has 
to be hang inside the calorimeter. That is done to secure that the sensor only measures the 
movement of the specimen and not movements of the calorimeter itself. 

The calorimeter cell is hung in a quartz glass tube that is fastened in the calorimeter lid. A 
quartz glass rad runs inside the tube. It is supported by the specimen in its lower end and 
supports the moving LVDT-"piston" on its upper end. The de vice is seen in fig. 7. 



55 

Figure 7. (l) Lid to the specimen inlet at the calori",eter lid. (2) Upper part of the glass tube. It is screwed in the 
lid. (3) LVDT-sellsor. (4) Upper part ~f glass rad. Screws on the LVDT-sensor. (S) Lower part of the 
glass rad. (6) Lid to the specimen holder. Screws on the glass wbe. (7) Lower part of the glass tube. (8) 
Specimen cell. 

L VDT -sensor 

~!jot---Gasket 

Tube of quartz glass 

Rod of quurtz glass 

,...., ""r--- Gasket 

I 
Specimen cell of stainless steel 

Specimen 

Figure 8. The length-change detecting equipmellf inside the calorimeter. 

CaIibration measurements are in progress. A result from a measurement on a cement mortar 
can be seen in fig 9. The calorimeter and the L VDT-sensor detect the ice-formation at the 
same time. When the ice-formation ends the specimen contracts. The small movements at the 
lower temperatures (--3S0C) derive from the controlling of the calorimeter. 
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Figure 9. Result from calibratioH measuremelll usiJlg cement mo,tar jpecimell. 

4 RESEARCH PROGRAMME 

This measuring technique is part of a PhD-project that includes studies of cement mortar of 
ten different recipes regarding internai frost resistance. The material studied has water cement 
ratio between 0040 and 0.60 and air contents from natural to 10%. The measuring technique 
will be used to simultaneously study the ice-formation and the length-change with different 
freeze/thaw cycles. The cycles will have different freezing rates, duration and lowest 
temperature. The response in the material of these cyc!es together with supplementary 
investigations regarding water absorption and the critical degree of saturation will give 
important information of the mechanism behind the internai destruction due to frost action. 
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1 INTRODUCTION 

The purpose of this paper is to draw the attention to the need for the verification of service life 
models for frost attack on concrete and the collection of relevant data. To ilIustrate the type of data 
needed, the present paper presents models for both internaI freeze/thaw damage (internaI eraeking, 
including de-Iamination) and surface scaling. 

Several service life models for reinforcement corrosion of steel in concrete are being applied, 
both for the design of new structures and assessment of the service life of existing structures e.g. [1, 
2,3]. 

Service life models for frost attack have been proposed, e.g. [4, 5]. However, compared to rein­
forcement corrosion service life models for frost damage lack verification. In a recent project [6] 
attempts were made to provide such verification, but the need for further data for the statistical 
quantification was identified. 

1.1 Probabilistic Based Service Life Modelling 

A probabilistic service life model provides a rationaI tool for decisian making based on available 
data taking inta account the random variation of the model parameters and the model uncertainty. 

Probabilistic modelling of the deterioratian of concrete has been dealt with by several authors in 
recent years, e.g. [7, 8,9]. By probabilistic modelling the probability that a given structure will be 
subject to the considered damage at a given time is estimated, ref. Figure 1. 

The starting point is a deterministic model for the deterioration mechanism(s) considered. The 
relevant parameters are modelled as stochastic variables, and on the basis of available data the 
physical uncertainty related to these parameters is estimated. Due to the limited amount of data the 
distribution parameters of the stochastic variables describing the physical uncertainty will be sub­
ject to statistical uncertainty. This uncertainty has also to be estirnated. A Bayesian approach may 
be used to estimate the statistical parameters and their associated uncertainty. Finally, the uncer­
tainty related to the considered models should be estimated, Le. the accuracy by which the models 
can predict the performance of a given structure. 
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Figure 1. Failure probability as ajimction o/time. 

By a sensitivity analysis the most important parameters, i.e. the parameters whieh give the largest 
eontribution to the probability of damage, can be identified. Together with information on the cost 
oftesting and the influence ofthe statistical uncertainty of the data the sensitivity analysis provides 
a rationai tool for planning of supplementary investigations on the basis ofwhich the probability of 
failure can be updated, ref. Figure l. 

2 INTERNAL FROST DAMAGE 

Internai frost damage of eoncrete occurs when the water content (Le. degree of saturation) in a vol­
ume larger than a critical volume is higher than the critical degree of saturation for the actual con­
crete and freeze/thaw expo sure (e.g. freezing temperature and rate). Frost damage of a eritically 
saturated concrete is likely to oeeur at temperatures below _2.5°C. The freezing-point depression of 
the pore liquid held in large pores is caused by soluble salts. The pore liquid heJd in small pores 
will only freeze at lower temperatures, due to a eombination of soluble salts and a lower pressure. 
That is, not all the pore liquid will freeze at the same time, and the amount offreezable pore Jiquid 
increases with deereasing temperature. 

2.1 Probabilistic Model 

The probability offailure at a given location, x, within a given reference period of time from tto 
t + M is given by 

Pj(t,M,x) = 1- P(S(r,x) <8" u T(t,x) > I:r '<i re[t,t + M]) (2.1) 

where S( r) is the aetuaI degree of saturation of the eoncrete at the time r, Ser is the eritieaI degree 

ofsaturation, i.e. the degree ofsaturation which is neeessary for frost damages to oecur, r(t) is the 
temperature of the water, and I:r is the temperature necessary for the water in the concrete to 
freeze. 

InternaI frost damages usuaIly occurs in concrete where the temperature necessary for the water 
in the conerete to freeze, I:r, is relatively high. This impJies that if the aetual degree of saturation at 



59 

some time during a winter exceeds the critical degree of saturation failure is almost certain to occur. 
Therefore, the failure probability is given by 

pf(t,t:.t,x) = 1-P(S(r, x) < Sa ';fr E [t;t+ t:.t]) = p(SmaJt,t:.t,X)~ Se,) (2.2) 

where Sm,,(t,t:.t,x) is the maximum degree ofsaturation at the location, x, within the reference 

period. It has naturally been assumed that the structure is located in an environment where freezing 
is certain to occur. 

If the considered time period is chosen as l year, i.e. Öt = l year, and ifthere is no systematic 

variation of the degree of saturation between different years, the failure probability will not depend 
on time, t. This is based on the assumption that the material properties ofthe concrete are independ­
ent oftime. Usually this assumption is not fulfilled, and the problem depends on t as weil as Öt. 

As mentioned earlier, failure is assumed only to occur when the degree of saturation within a 
given volume of concrete is larger than the critical degree of saturation. lt has been observed that 
delamination occurs at intervals of approximately 10 mm. This leads to the assumption that for in­
ternal damage to occur if the IDeal average of the degree ofsaturation within a volume with mini­
mum dimension of 10 mm exceed the critical value. 

The variable S( r) will now be defined as the maximum value within the considered structure of 
the local average of the degree of saturation. This implies that the probability offailure is given by 

Pf (t, Öt) = I-P(S(r) <S" ';fr E[t,t+Öt]) (2.3) 

The critical degree of saturation can for different types of concrete be determined on the basis of 
experiments using test specimens obtained from the considered structure. AIso the local average of 
the actual degree of saturation in a given structure can be determined by core drilling and testing of 
slices of the core. However, it is complicated to predict the development with time of the loeal av­
erage of the actual degree of saturation in a given structure. A simple model for the time­
dependency of the local average of the aetual degree of saturation has been suggested by FagerIund 
[10] 

~~=~+~~ ~~ 
where So is the initial degree of saturation and where h( r) is a function describing the moisture 

ingress as a function of time, r. The rate of moisture ingress depends on the permeability of the 
concrete and the expo sure. However, in order to determine the degree of saturation at a given time 
it is also necessary to take into account the externai c1imatic conditions as e.g. the effective lengths 
of periods ofwetting and drying of the concrete on a micro-c1imate leve!. 

The ingress ofwater into concrete can be described by a set ofpartial differential equations. 
These equations can be solved by lIsing the Finite Element Method. However, the effort involved in 
such computations is usually excessive. Further, such computations must always be calibrated on 
the basis of measurements from the considered structure. For a more detailed discussion of moisture 
ingress in conerete see [11]. 

Fagerlund [10] suggests to determine the loeal average of the actual degree of saturation on the 
basis of the following expression 

S(r) = a+br' + B (2.5) 
where a, b and e are constants which must be determined on the basis oflaboratory tests of capil­
lary suction and Bis an error term. By this test a thin test specimen (thickness 25 mm) is plaeed 
such that one of its two surfaces is below water. The capiIlary suction of this test item is now meas­
ured as a funetion of time. By fully saturating the specimen after a period of eapillary suetion the 
test results can be given as degree of saturation. The result of such a test will usually have the form 
shown in Figure 2.1. It should be noted that this type of curve eonsisting oftwo distinet lines is not 
obtained for dense eoncretes. 
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3.5 4 

The degree ofhydration at the "break point" in Figure 2, Sk' will be reached after a relatively 

short period of time. It must be assumed that this period is short in relation to the time necessary to 
reach the critical degree of saturation. If it is assumed that the initial degree of saturation, So' is 

lower than Sk then 

Ser) "" Sk +brc + lJ (2.6) 

where b and c can be estimated on the basis of the test results where Ser) > Sk' 
It is assumed that this test represents the ingress of water for an existing structure. The test must 

be performed using test specimens from the given structure or test specimens made from the same 
east of concrete mix cured and conditioned similarly. If the maximum value of the degree of satura­
tion within a given time period can now be determined as 

Sm",(t,L\t) = Sk + btmax (t,f1t) (2.7) 

where t max is the length of the longest wetting period of the structure within the considered time 

period, [l, l + L\t]. To determine l nux it may be necessary to distinguish between three different en-

vironments. 
1. An environment where the drying of the concrete is negligible. In this case the longest period of 

wetting is equal to the age of the structure. However, it is difficult to assess the initial value of 
the degree of saturation of the structure. Alternatively, arneasurement of the actual degree of 
saturation can be performed. The measured degree of saturation can be used as So and the long­

est period of wetting is equal to the length ofthe period oftime since the measurement was 
performed. 

2: An environment where the drying of the concrete always brings the degree of saturation below 
the "break point", Sk' In this case the longest period of wetting can be estimated on the basis of 

meteorological data and the initial degree of saturation can be eho sen as Sk' 
3. An environment where the drying ofthe eoncrete is not always able to bring the degree of satu­

ration below the "break point", Sk' Therefore, an equivalent period of wetting must be deter­

mined. The most simple model for the period ofwetting is to assume that it is equal to a vari­
able, 1(, multiplied by the age of the structure. In this ease the initial degree of saturation may 
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have to be determined on the basis of measurements where the actual degree of saturation in the 
structure is determined. 

The third case is clearly the most difficult to handle. However, by letting the variable, K, be equal to 
one it is at least possible to obtain some upper limit for the probability offailure. 

The model presented above is mainly based on simple laboratory experiments and data fitting. 
Very little information about water ingress in existing structures is available. The model is, there­
fore, subject to substantiai uncertainty. 

The model uncertainty is taken into account by introducing the model uncertainty m. Because the 
maximum degree of saturation cannot exceed 1.0 it is difficult to associate this quantity with a 
model uncertainty. The model uncertainty is, therefore, introduced as the uncertainty related to the 

prediction of the relation between SmaJt,M) and Scr' 
The evaluation of the probability of freeze-thaw damage can be performed FORMISORM­

analysis. The limit state function which is less than zero if and only if failure occurs can be defined 
as 

(2.8) 

In eq. (2.8) the model uncertainty is taken into account. It is seen that the model uncertainty must be 
larger than or equal to zero. Alternatively, the model uncertainty can be modelled by a stochastic 
variable whose probability of outcomes less than zero is negligible. 

2.2 Needed Input data 

To determine the probability of frost damage the following parameters must be quantified 
Scr Critical degree of saturation 
S k "Break point" for the degree of saturation as a function oftime 

m Model uncertainty 
br c Regression parameters for the moisture ingress 
t m", Longest period of wetting 
K Factor for the equivalent period ofwetting. 

It is essentiai that the same method of saturation is used for determining the critical degree of satu­
ration and the actual degree of saturation. It has recently been found the vacuum saturation is not 
sufficient for the saturation of dense concrete specimens of some size (w/c=O.4, 10 mm, the limit is 
not determined). F or saturation of such specimens a pressure must be applied. 

2.2.1 Moisture Ingress 

The quantification ofthe uncertainty related to the parameters given in Section 2.2 must be per­
formed on the basis of the available data. The longest period of wetting is an environmental pa­
rameter which must be quantified on the basis of data conceming the micro and macro climate of 
the considered structure. 

The equivalent period of wetting, i.e. the factor K, cannot be observed and, therefore, the distri­
bution and distribution parameters of K cannot be determined by analysing a number of outcomes 
of K. However, if an observation of the actual degree of saturation is available the distribution of K 
can be estimated by performing aBayesian updating of a FORMISORM analysis, see e.g. Duracrete 
[3]. The observation is modelled by the event 

h(x,r)=S(r)-SOb' (2.9) 
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where S(r) is the degree of saturation predicted on the basis of the model and Sobs is the observed 
degree of saturation. 

The parameters Sk' b and c can be detennined on the basis of experiments. By the use ofBaye­

sian statistics also the statistical uncertainty related to the parameters can be estimated, see appen­
dix A. According to Fagerlund, the parameters may also be determined on the basis of information 
ab out the air void structure in the concrete, see e.g. Fagerlund [10] and Fagerlund [12]. 

2.2.2 Critical Degree of Saturation 

The critical degree of saturation is normally determined experimentally, ref. e.g. Fagerlund [lOJ. 
However, models for estimation of the critical degree of saturation have been proposed, ref. e.g. 
Fagerlund [13] and Hansen [14]. For ordinary concrete the normal range for the critical degree of 
saturation is 0.75 - 0.90. No information about the standard deviation ofresuJts is available. How­
ever, Fagerlund claims that the critical degree of saturation exhibits a very small variation. 

2.2.3 Model Uncertainty 

The model uncertainty, i.e. the accuracy of the model and the bias, can be estimated on the basis of 
simultaneous observations of the degree ofsaturation ofa test specimen and the degree ofsatura­
tion of a given in-situ structure made of the same type of concrete as the test specimen. At present 
no such data is available. The estimation of the mode! uncertainty, therefore, has to be bas ed on ex­
pert opinion. Like the factor K also the mode! uncertainty can be updated on the basis of observa­
tions. 

3 SURFACE SCALING 

In some cases, freeze-thaw attack causes externai frost damage, also cal1ed surface scaling. Ac­
cording to Pigeon and Pleau [15] this type of frost damage only occurs on surfaces covered by a salt 
solution. 

3.1 Probabilistic Model 

A structure is said to fail when the amount of scaled concrete has reached a given limiting value. 
The limit can be expressed as the loss of a given weight of concrete per unit surface area. The limit 
must be chosen on the basis of considerations of the thickness of the cover and the aesthetics of the 
structure. 

The failure probability as a function of time, t, is 

Pf{t) = p(s{t) ~ se,) (3.1) 

where s{t) is the weight of scaled concrete as a function of time and s e, is the limit. In order to 

solve this problem a probabilistic model for s{t) must be fonnulated. The model is based on the 
assumption that the amount of scaling which can be observed on a given structure in situ is corre­
lated to the amount of scaling which can be measured by accelerated tests made using test speci­
mens made of the same concrete as the considered structure. This can be formulated as 

s(N)= as"" (N) (3.2) 
where N is the number of standardized freeze-thaw cycles (according to the given test method) m 
takes into account the model uncertainty and s,,,, (N) is the mean of the amount of scaling ofthe 
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test items as a function of the number offreeze-thaw cycles, N. The variable, a, is modelled by a 
stochastic variable whose distribution and parameters can be determined on the basis of observa­
tions of the amount ofscaling on a number ofstructures where also test results are available. lfno 
such infonnation is available the distribution of a may be detennined on the basis of expert opinion. 

An expression for S,est (N) is detennined on the basis of the test results. Usually a relation of the 

following fonn is assumed 

s"" (N) = aNb (3.3) 

where a and b are constants. Fagerlund [10] describes scaling to progress in three different ways: 
l. Retarded (b<l), lower quaiity of outer surface , e.g. due to bleeding, separation, lack of curing, 

lower air content 
2. Linear(b=l), homogeneous concrete 
3. Accelerated (b> l) 
Examples ofretarded, linear and accelerated scaling are shown in Figure 3. 

-Linear 
- -Relarded 

- - - Acceleraled 

Time 

Figure 3. Examples ofretarded, linear and aeeelerated sealing 

Using test results the parameters in the model can be estimated using Bayesian linear regression. 
It is also necessary to determine the number of freeze-thaw eyeles, N, as a function of time, t. It 
must be taken into account that the regression parameters are estimated using test results where the 
lowest temperature in each freeze-thaw cycle is a constant reference temperature, e.g. 
r;,r = -20°C. The amount of scaled material depends on the lowest temperature reached in a given 

cycle. The fact that a given structure in situ is subject to a number of cyc!es where the lowest tem­
perature varies is taken into account by defining N as an equivalent number of cycles given by 

.(/) TZ 

N = L-'z- (3.4) 
i=1 ~ef 

where n( t) is the number of freeze-thaw cycles where the water content in the surface layer of the 
concrete is high enough for damages to occur as a function of time and T, is the lowest temperature 

reached in the ith cyc!e. This model has been suggested by Fagerlund [4]. 
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Assuming that the number offreeze-thaw cycles occurring in a given year is independent of the 
number of freeze-thaw cycles occurring any other year the number of freeze-thaw cycles within a 
year can be described by a Poisson distribution. Each time a freeze-thaw cycle occurs the equivalent 

1:' 
number ofcycles in increased by -+-. Ifit is assumed that T;, i = 1,2, ... n(t) all are independent 

T,;r 
and identically distributed it can be shown that the mean and variance of the equivalent number of 
cycles are given by 

E[N] = E[P]E[n(t}] 

Var[N] = E[ P']E[n(t)] 

r' 
where P denotes the magnitude of the increase of N for each cycle, Le. P = -'-, . 

T,;r 
Because the equivalent number of cycles is a sum of independent contributions the variable N 

will follow a Normal distribution (according to the Central Limit Theorem). 
It should here be noted that the assumptions that all T; are independent and identically distrib­

uted generally is not fulfilled. However, the error made by this assumption is assumed to be negli­
gible. 

The number offreeze-thaw cycles where the water content in the outer layer is high enough for 
frost damages to occur, n(t), depends on the micro-climate of the structure. E.g. in the splash zone 
of a bridge in a marine environment the degree of saturation of the outer layer is likely to be high. 
In other structures in a more protected environment the number of cycles where the degree of satu­
ration is high will be substantially lower than the number of freeze-thaw cycles. It is assumed that 
thenumber of cycles where the degree ofsaturation is high enough for damage to occur, n(t), can 
be determined as 

n(t) = km(t) (3.5) 

where k is a parameter describing the environment and m(t) is the number of freeze-thaw cycles. 
Depending on the amount ofknowledge the parameter, k, can either be modell ed as a deterministic 
parameter or as a stochastic variable. 

On the basis of the model presented here the failure probability can now be determined by 

Pr = p(s(t»sJ= P(aaN(t)b >s,,) (3.6) 

This problem can be solved using FORM/SORM-analysis, see e.g. Duracrete [16] or Thoft­
Christensen and Baker [l?]. 

The model presented here is based on the assumption that the accelerated laboratory experiments 
can be used to prediet the behaviour of the concrete in situ. An investigation by Eriksen et al [18] 
indicates that there in general is a fair agreement between the observed and predicted damage on a 
structure on a structure. No exact measurements of the amount of scaling on the given structures 
have been performed but the structures which on the basis ofthe experiments were predicted to be 
most sensitive towards freeze-thaw damage generally also showed the largest amount of deteriora­
tion. 

3.2 Assumptions and Limitations 

Blast furnace slag concrete has been observed to obtain increased porosity due to carbonation. As 
carbonation is likely to occur in-situ, but normally not included in laboratory testing, such labora­
tory tests may provide too positive results. 
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3.3 Needed Input data 

The following variables must be quantified 
a,b Regression parameters 
a Model uncertainty 
N(t) Equivalent number of freeze-thaw cyeles. 

3.3.1 Data 

No general model for the evaluation ofthe regression parameters on the basis of the concrete com­
position is known to the authors. In general, the regression parameters, a and b, must be determined 
on the basis of experiments. Further, the equivalent number offreeze-thaw cycles, N(t), can be 
evaluated using meteorological data. Only the model uncertainty, a, must be specified here. 

To estimate the model uncertainty standardised tests must be conducted on the basis of which the 
regression parameters a and b can be estimated. Further, the amount of spalling must be measured 
from an in situ structure made from the same concrete as the test specimens. By comparing test re­
sults from these tests the model uncertainty can be estimated. Petterson [19] and [20] have per­
formed a series of tests where the so-called Borås test method, SS 13 72 44 [21], was used. 

For the evaluation of the spalling of the concrete in situ Petterson used test specimens of the di­
mensions 50 x 150 x 150 mm. The amount ofspalling of the in situ test items was measured as the 
reduction in % of the weight of the test specimens. During a four year period a number of test items 
placed in a marine environment and a number of test items placed elose to a roadway were investi­
gated. In a laboratory the amount of spalling was determined using the Borås test method. 
In Figure 3.2 the reduction of the weight of the in situ test specimens is shown as a function of the 
amount of spalling measured using the Borås method. The results shown in Figure 3.2 are for the 
test specimens placed e10se to a roadway. 

In Figure 4 it is seen that for concrete with a low wle-ratio (a w/c-ratio between 0.37 and 0.45) 
there is in general a poor agreement between the in situ observations and the results of the Borås 
test, independent of the amount of entrained air. This is a critical observation because most modem 
concrete have a relatively low wle-ratio. 

It is difficult on the basis of the results given in Figure 4 to specify the model uncertainty. The 
model uncertainty will in general have to be assessed for each type of concrete, depending on the 
amount of entrained air and the wle-ratio. Even in this case the model uncertainty is likely to exhibit 
a substantiaI scatter. 

4 SUMMARY AND CONCLUSIONS 

In conc1usion, there exists limited data on the basis of which a probabilistic service life mode! for 
freeze/thaw damage can be developed. Parameters to be quantified for determination of the prob­
ability of frost damage inc!ude materials properties (obtained from compliance testing), in-situ 
performance, and the environmental exposure. Presently, the models proposed for freeze/thaw dam­
age must be considered as personal belief and experience formulated within the framework ofBay­
esian statistics. 

A service life mode! would not only be applicable for estimation of the lifetime ofa considered 
structure, but also for reliability updating using observations from the structure. This implies that 
the probabilistic model is updated providing more accurate predictions about the lifetime of the 
structure. 
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1. INTRODUCTION 

Some investigations have been carried out in our laboratories on the freeze/thaw deterioration 
of recycled aggregate (RCA). These are part of a four-year project in Norway on 
implementation of recycled aggregate in the construction industry [1-3]. In this project 
various unbound (roads, fil! around flexible pipes) and bound applications (mainly cement 
based materials) are being considered. The use ofRCA is fairly new in Norway and the 
scepticism against the product has been difficult to overcome for the producer, which is a new 
actor on the market with a new product - normally a difficult combination. One reason for the 
scepticism towards RCA in Norway is that we from nature side have a lot of good quaiity 
rock. There should, however, be many possibilities for use ofrecycled and/or porous 
aggregate, even under winter conditions. 

There should be no doubt as to the positive effect recycling has on the environment by 
reduced outtake ofprimary raw materials and at the same time reducing the amount ofwaste 
generated. This positive effect holds even if energy consumption during crushing is almost the 
same as in production of crushed rock. 

The object of the present investigation has been to study the durability of various types 
ofbulk RCA, for example when exposed to de-icers in unbound road construction, and also to 
assess the usefulness of the new European frost testmethod [4] for RCA For this purpose 
RCA of different composition (pure concrete, concretelbricklasphalt-blends, pure brick) have 
been tested. A1so one artificiai LW A has been tested for comparison. Frost testing has been 
carried out both with the prescribed pre-drying for 24 hours at 105°C, and with no predrying. 
lt is wel! known that pre-drying can alter the pore structure and frost durability of cement 
based materials [5,6]. The severe pre-drying procedure of[4] might therefore be more 
unrealistic to cement based materials than to other materials, and this is particularly important 
to find out. AIso the deteriorating effect of salt solution has been investigated for various 
materials (both cement based and others). 

Tt should also be mentioned that it is weil known that the aggregate behaviour in an 
unbound (bulk) frost test does not necessarily relate to the behaviour in bound use, for 
example concrete [7-9]. Testing ofunbound aggregate as such, however, has relevance to 
practice since most aggregates are used for other purposes than concrete. 

2. THE BULK AGGREGATE FROST TEST METHOD 

The test method [4], which is based on the German DIN test, is fairly simple in both design 
and execution. The aggregate (8 - 16 mm, 16- 32 mm, .. ) is washed, sieved and dried at 105 
°C for 24 hours. After drying, 2 kg samples (llitre in the case of L W A) are prepared and 
submerged in de-ionised water for 24 hours. Then each aggregate sample is frozen and 
thawed during 10 cycles in an open topp ed metal can. The can diameter is 120 - 140 mm, 
the height is 170 - 220 mm and the volume is about 2 litres. The water level is adjusted to 10 
mm above the aggregate before freezing. 



70 

Figure l shows one 24 hour frost cycIe measured in the centre of a can. A lid is put on top of 
the can to prevent evaporation. After 10 cycles the frost deterioration is measured by sieving 
wet and by hand the material passing halfthe initial minimum size (4 mm when testing the 8 
- 16 mm fraction). The frost deterioration, F, is then expressed as 

F (%) = dry mass < 4 mm after frost / total dry mass before frost 

Damage can also be expressed as loss ofmechanical properties of the aggregate by 
performing some kind of strength test before and after frost expo sure. 

Figure 1: Frost cycle in bulkaggregate test [4J 

Similarly to wet concrete tests, the method can be criticised for being quite different from 
most natural exposure situations and too accelerated. This is mainly due to the accelerated 
liquid uptake in wet freeze/thaw ("pumping effect") caused by ice forcing water inwards and 
migration ofunfrozen watertowards ice in the material, [10]. The degree ofsaturation is the 
main parameter for the severity of most frost tests [11]. 

The actual test is in the authors opinion creating a significant hydraulic pressure. By 
observing the cans during freezing, it can be seen that ice is forming first on the can walJs and 
on the surface of the Iiquid. This creates an ice-box in the metal can. The hydraulic pressure 
or confinement inside this ice-box has caused several of our solid welded stainless steel cans 
to get rounded bottoms. When using a horizontal mesh and weight placed on top of the L W A 
in the can during test to prevent L W A from floating, the mesh is bended upwards in the centre 
since it is restrained by the fITst ice formed along the inside of the vertical can wa1ls. The 
hydraulic pressure probably depends on can design, -strength/stiffness and confinement 
ability. In addition to the hydraulic pressure there is of course the ability of ice lens growth 
due to migration ofunfrozen water towards ice formed in the porous material. This water 
uptake effect will depend on material and expo sure condition. Cement based materials, 
particularly those exposed to de-icer salt during freezing and thawing, will have the largest 
uptake due to ice lens growth and vapour migration. 

lt should also be noticed that some kind of salt segregation probably is taking place during 
test when using salt solution since the water is less salt in the top of the can at the end of test. 
The heat flow and rate of ice formation is also important for testing in both pure water and 
salt solution [12]. For large differences in sample density and porosity the heat f10w and 
degree of saturation will probably vary largely. This could give different frost cycIes for 
different materials. 



71 

In the work ofCEN there have been discussions whether aggregates should be tested 
using salt solution. Salt solution can have a very negative effect on aggregate frost durability 
in practice [13], as for concrete. Investigations have also shown that the increased salt frost 
deterioration of many natural porous aggregates in field can be reproduced in the laboratory, 
and with correlation to their field behaviour [14]. It has even been found that the reliability of 
frost testing is improved when using l % salt solution compared to testing in fresh water [15]. 
These are reasons to include the use of salt normatively in [4]. All these fin dings, however, 
were made on natural aggregates. 

3. MATERIALS 

The materials tested were mainly recycled aggregates produced from erushed building debris 
at the recyding plant ofBA Gjenvinning at Gnmmo in Oslo. These are mainly pure conerete 
or blends of concrete, brick, asphalt, LW A, gas concrete etc. In addition, one pure crushed tile 
and one artificiai L WA (Norwegian expanded day produced in a rotating kiln) were tested. 
All aggregates were in the fraction 8 - 16 mm. Table l shows the materials and their 
characteristics. 

Table l. Aggregates (8-16 mm) tested and their characteristics 
Aggregate dry particle dens. 24 h abs. description - main materials * 

(kg/m3) (% dry mass) 
Blend l 2240 6,3 70 % eoner, 20 % rock, 7 % brick 
Blend 2 2280 S,7 74 % eoner, 17 % rock, 8 % briek 
Blend 3 2330 4,4 3S % eoner, 42 % rock, 14 % brick, 10 % asphalt 
Blend 4 2S20 2,7 30 % eoner, 62 % rock, 4 % brick, 4 % asphalt 
Blend S 2140 7,6 mainlyeoncrete 
Briek 1920 12,8 only erushed brick 

Conerete l 2370 4,S only concrete 
Concrete 2 2280 S,3 only conerete 

LWA ",SOO ",10 - 12 expanded clay 
*: not including small quantities of gas eonerete, L W A, glass, metal, organic material etc. 

To study the effect of pre-drying and salt solution, four combinations of predrying and test 
liquid were used: 

IOS W: pre-dried at IOS C for 24 h, tested in de-ionized water (standard [4]) 

• IOS S: pred-ried at IOS C for 24 h, tested in l % NaCI solution 

• W: no pre-drying, tested in de-ionized water 

• S: no pre-drying, tested in l % NaCl solution 

All aggregates were tested using three individual samples (2 kg or llitre for LW A) according 
to [4]. The volume was measured after 24 h absorption using a wire basket. When caleulating 
the frost deterioration of non dried material the 2 kg absorbed mass of the initial sample was 
eorrected for its 24 hour absorption. 
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4. RESULTS AND DISCUSSION 

Table 2 shows frost test results as mean of the three paral1el samples for each aggregate and 
combination of pre-drying and test liquid. 

Table 2: Frost deterioration - F (%) 

Aggregate 105 W [4] 105 S W S 
Blend l 8,3 40,4 5,8 27,2 
Blend 2 14,6 34,7 10,6 28,5 
Blend 3 4,2 14,9 4,2 9,8 
Blend 4 2,7 21,4 
Blend 5 7,7 25,4 2,4 18,2 

Brick 3,2 6,4 
Concrete l 8,0 37,6 3,7 30,9 
Concrete 2 13,9 36,8 3,1 30,3 

LWA 3,9 1,1 8,7 2,0 

From table 2 we see first of all that the deterioration in general is quite high for most 
aggregates. According to the standard test [4] with pre-drying and water the deterioration 
varies largely: from 2,7- 14,6 %. The Norwegian standard aggregate for concrete testing [16] 
is a gneiss-granite with typically 0,2 - 0,4 % absorption and particle density of about 2670 
kg/m3. This aggregate has been tested in our laboratories from at least 12 different quarries 
according to this bulk aggregate test. These tests were performed both with water and l % 
NaCl after 105°C pre-drying and always gave very low deterioration with F in the range O, l -
0,5 %. There were no differences between tests with water and 1 % NaC!' 

Table 2 also clearly shows the negative effect of salt for cement based materials, as 
expected. The deteriorating effect of salt tends to be smaller when there is less cement based 
material present in the aggregate. F or pure brick aggregate the increased deterioration due to 
salt is lower than for any of the blends. ForLWA there is actually more damage with water 
than with salt both with and without pre-drying. This has also been observed on very porous 
natural LWA (Icelandic pumice) [17,18]. The reason is not yet understood but is probably 
related to the coarse pore structure of the L W A and a low degree of saturation. In L W A, 
hydraulic effects are probably mainly responsib le for the darnage. The salt in L W A is 
presurnably mainly resulting in reduced ice formation and hence reduced darnage. Many 
natural rocks, however, show the same negative effect of salt as cement based materials do 
[13-15]. Today we are still missing the basic research telling precisely which pore structure 
properties of the aggregates that are making them susceptible to frost/salt deterioration. We 
suspect, however, that aggregates with a high share of very fine gel-type porosity are 
susceptible to frost/salt darnage. 

Omitting the pre-drying at 105°C reduces the damage for aggregates with cement 
based materials, whereas there is no such effect for L W A, as expected. In fact, L W A has 
higher damage without pre-drying for both water and salt. The explanation can be that the 
drying mainly results in lower degree of saturation in the L W A after 24 hours of absorption 
compared to non-dried materials. (pore structure coarsening due to drying is probably very 
weak, if at all present, in L W A and brick compared to in cement based materials.) The non­
dried LWA presumably contained some moisture before absorption. It therefore had a higher 
degree of saturation than the dried LWA after 24 hours of absorption before frost exposure 
started. This effect is probably smal1er for the other materials that wil1 have a larger portion of 
their total porosity (= larger degree of saturation) filled during 24 hours compared to the 
LWA. 
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Due to the results RCA should be used were salt is not present. Furthermore, the 
aggregate should not be able to freeze while submerged, Le proper drainage should exist. 

The usefulness of the test method is, as for most wet frost test methods, difficult to 
establish. For ranking of various materials the test is probably similar to other wet frost tests 
like [19, 20]. This of course depends on statistical data on reliability [15], and on experiments 
calibrating the deterioration against field performance [14]. Basically, frost durability is a 
function ofhow much water that can be absorbed before damage oeeurs in freezing, and how 
long absorption time it takes before damage oeeurs [21,22]. In the present test the degree of 
saturation obtained after 24 hours of absorption varies largely. To get more information out of 
the test, the actual degree of saturation after 10 frost cycles can be measured. This eould give 
some additional information on how large the water uptake due to the pumping effect is 
during freezelthaw. This additional uptake gives information on the rate of absorption during 
freeze/thaw eonditions. If total porosity is also measured, the degree of saturation can be 
determined at the various stages of testing. 

The importance of the degree of saturation of the RCA for the frost durability of 
concrete was demonstrated in [3]. Frost dilation tests of concrete were performed on eoneretes 
with identical binders made with saturated and rather dry RCA respectively. There was a 
clear critical increase in frost dilation in the wet RCA concrete compared to the dry RCA 
eonerete. Clearly, a safe area for use ofRCA in concrete is in concrete for less aggressive 
environments [23]. 

In the present investigation the concrete compositions were not known, but they were 
presumably non air-entrained. In most cases of demolition, knowledge about the concrete 
composition is low. Detailed investigations to establish the exact composition does not seem 
realistic at present. It could be that in the future a simple, inexpensive procedure could be 
established to determine approximate wie and air content ofthe concrete structure before 
demolition and RCA production. This could for example be done using plane sections to 
determine the aggregate-, paste- and air content. Then, the PF-method on paraIlei specimens 
could be used to determine paste porosity (i.e. wie ratio) and also air void content and PF. 
This could be a part of further development of methods to assess the potential frost resistance 
of the RCA produced from a structure since it is weil known that the air voids also improve 
the frost durability ofRCA [24-26]. 

5. CONCLUSION 

Recyc1ed aggregates exhibit rather high frost deterioration when tested in the bulk aggregate 
test, and the resuIts aIso vary largely between randomly chosen samples, as expected. Testing 
with salt increases the deterioration of cement based materials; more the higher the content of 
cement based material in the RCA. The deteriorating effect of salt is very weak for brick and 
not present for LW A. Pre-drying of the aggregate at 105°C before testing reduces the frost 
test performance of cement based RCA, whereas L W A showed no such effect. When 
evaluating frost test results ofRCA containing cement based material, the severity of the 105 
°C pre-drying must be considered since this treatment is very harsh compared to natural 
ageing. 

As a preliminary recommendation, RCA based on concrete should not be exposed to frost 
when submerged, particularly not in the presenee of salt. There are, however, applications 
where the aggregate is sufficiently drained to function, even under winter conditions. 

Some suggestions are given for future development of inspection methods of concrete 
structures for demolition and RCA production. Also a few simple extra measurements in the 
bulk frost test to give additional information on frost durability are proposed. Some features 
of the test method deviating from real exposure have also been discussed. 
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The purpose of this research was to verify the theories and material parameters of moisture 
transfer in concrete and frost attack to be used in an analytical evaluation of concrete frost 
resistance and service life. F or a reliable simulation of moisture transfer and frost attack in 
concrete there has been inadequately experimental research. There have been theories at hand 
but no exact data on the material parameters related with them [3, 4]. 

This report contains results of moisture transfer and frost resistance tests and results of 
some further analysis of the test results. The created models and parameters were to be applied 
in a computer simulation programme by which the service life of a concrete structure can be 
predicted [I, 2]. 

2 COMPOSITION OF CONCRETES 

The test program included five different concrete compositions. The nominal strength of the 
test concretes were 35 MPa, 45MPa and 70MPa (denoted as K35, K45 and K70). The 
concretes K35 and K45 were air entrained by 3% and 5%. Mix proportions inc!uding 
admixtures and measured mass properties are presented in table l [3]. 

Table l. Mix proportions and measured properties of concrete mass. 

Concrete: A B C D E 
Strength class (MPa) K35 K35 K45 K45 K70 
Consistency grade (VeBe), 2-3 2-3 2-3 2-3 2-3 
sVB 
Target air content, % 3 5 3 
Air entraining agent, 0.0040 0.0071 0.0035 0.0210 
% by weight of cement 
Superplasticizer, 0.603 2.500 
% by weight of cement 
w/c ratio 0.58 0.52 0.47 0.42 0.37 
Cement content, kg/m3 305 321 385 405 396 
Water content, kg/m3 177 166 180 170 143 
Aggregate content, kg/m3 1850 1810 1780 1730 1900 
Measured air content, % 1) 3.5 5.0 2.8 5.2 1.0 
Mass density, kg/m3 2326 2305 2376 2314 2476 
VeBe/slump, s/mm 6011.9 40/2.5 50/2.5 40/2.6 45/2.5 
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The eoneretes were tested by four tests: 

• Air pore analysis 
• Capillary water uptake test 

• Drying test and 
• Critical degree of saturation test 

The test results were re-examined by special analysis methods 

3 AIR PORE ANAL YSIS 

3.1 Test and initial results 
The air porosity of test eoneretes was analysed by image analysis using plane sections (75x75 
rnm2). Plane sections were ground, died black and air pores were filled with white fine-graded 
material. In the calculation phase of the analysis, the measured 'plane distribution' of air pores 
was converted theoretically into a volurne distribution [5]. 

The cumulative volume distributions of air pores are presented in figure 1. 
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Figure 1. Cumulative volume distribution of air pares as determined by optical analys is. 

3.2 Cumulative distribution function 
To be able to treat the performance of air pores analytically the distribution of air pores must 
be presented in a simple mathematical form. Based on the results of the air pore analysis it 
was decided to use equation l as the model of the cumulative volurne distribution of air pores. 



where 
a(r) is 
a, 
!1U3:< 

r 
n, 
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( )'" 
a(r) = ao' _r_ 

rm", 

cumulative volume distribution of air pores, m'/m' 
total volume of air pores (r<rmaJ, m'/m' 
maximum air pore radius (usually 0.5 mm) 
air pore radius (0< r < rm",,)' mm 
exponent of the air pore distribution. 

(1) 

The curvature of the air pore distribution is defined by the exponent n,. If n, = 1, all the air 
pore size c1asses inc1ude the same amount of air. If n, < 1, the air pore distribution is 
concentrated on the small air pores, and if n, > l, the distribution is concentrated on big air 
pores. 

Formula 1 was adjusted to the air pore analysis results above (fig. 1) to find values for the 
total volume of air pores, ao' and the exponent of air pore distribution Il,. T)1ese parameters are 
presented in table 2. 

Table 2. Parameters ao and nr. 

Concrete Air content, 

A 
B 
C 
D 
E 

ao, % 
3.56 
2.91 
2.04 
2.63 
0.65 

Exponent of the air 
pore distribution, n, 

1.33 
1.14 
0.85 
0.72 
0.80 

The fit of the theoretical air pore distribution to the experimentally measured distribution was 
good as presented in figure 2. 
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Figure 2. Concrete D. A<fjustment of the theoretical and measured air pore distribution. 

Air pore parameters ca1culated using equation 1 and the parameters in table 2 are presented in 
table 3. The minimum air pore radius rm;n is 0.010 mm and the maximum radius rm", is 0.500 
mm. 
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Table 3. Air pore parameters determined using the theoretical air pore distributions. 

Concrete Total air content, Specific surface, Powers' spacing 
% mm2/mm3 factor, mm 

A S,O 17 0.28 
B 3.9 21 0.26 
C 2.4 28 0.2S 
D 2.S 33 0.21 
E 0.6 30 0.40 

4 CAPILLARY WATER UPTAKE TEST 

4.1 Test and initial test results 
The capillary water uptake test was carried out using concrete sections with 2S mm thickness 
and area of 100xlOO mm2 • After drying in +SO °C for a period of 14 days these sections were 
allowed to ab sorb water through their bottom surface [6, 7]. There was three sections 
representing each concrete (A, B, C, D and E). The test was carried out in a relative humidity 
> 9S%. The concrete sections were 3 mm below water surface and they were covered with a 
plastic foil during the test. The water uptake phase was followed by pressure saturation with 
IS MPa water pressure and drying to constant weight in + IOS °C. In figure 3 the results of the 
capillary water uptake test are presented. 
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The detennined porosities and penneability parameters based on the capillary water uptake 
test are presented in tables 4 and S. Ptot (Vm3) is the total porosity of concrete corresponding to 
water content Wtot (kg/m3). These values were deternuned by pressure saturation and drying in 
+ 1 OS °C. The volume of each concrete section was measured by weighing in water and in air. 
p a is the total volume of air pores, 11m3, and P "p is the total volume of capillary pores, 11m3• 
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Table 4. Results of capillary water uptake test. Porosity parameters. 

Concrete Total porosity Air pore Capillary 
Ptot content pore 

11m3 

A 170.4 
B 164.9 
C 166.0 
D 171.2 
E 121.3 

Pa content 

l/m' 
42.2 
43.1 
37.7 
51.2 
26.5 

Pcap 

11m' 
82.5 
71.0 
70.2 
68.4 
45.2 

Table 5. Results of capillary water uptake test. Permeability parameters. 

Coefficient of CapiIlary "CapiIlary 
Concrete 

A 
B 
C 
D 
E 

water 
resistance, m 1) 

s/mm2 

46.4 
48.4 
39.9 
47.0 
51.5 

l) Calculated as m = (~J2 
1000· kl 

index 
kl 

kg/m2"s 
0.0121 
0.0102 
0.0111 
0.0100 
0.0063 

index" 
k2 2) 

kg/m2"s 
0.000117 
0.000135 
0.000129 
0.000227 
0.000171 

2) Calculated in the same way as kl, although air pares are not filled by capillary force. 

4.2 CapilIary moisture diffusion 
In simulation computations the rainwater is assurned to be absorbed to the edge zone of the 
structure by capillary suction and transferred further into the structure by capillary moisture 
diffusion. To be able to simulate properly the moisture movements in a structure it is essentiai 
to establish the relationship between the capillary index and the capillary moisture diffusivity. 
In this research the relationship is represented by equation 2: 

(2) 

where 
Dw is capillary moisture diffusivity (as m2 /s), 
kl capiIlary index (as kg/(m2's'h» and 
c coefficient. 

The relation between kl' and Dw' was analysed using the ab ove results of capillary water 
uptake test. This analysis was perforrned by dividing the 25 mm thick section calculatorily 
into flve slices (3.13 mm + (3 x 6.25 mm) + 3.13 mm). It was assumed that water was 
absorbed into the flrst slice that was in contact with free water by the capillary theory. To the 
next slice and further on the moisture transfer was assumed to occur by capillary water 
diffusion. The principle of the calculations is presented in figure 4. 
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Figure 4. The principle in the determination of capillmy moi.ture diffusivity, Dw. Concrete A. 

The curves (O - 4) in figure 4 express the calculated moisture contents as a function of time at 
different slices. The ca1culated moisture content of concrete was compared with the measured 
moisture contents in the capillary water uptake test. The capillary moisture diffusivity, Dw, 

was adjusted to give the best fit with the measured moisture content. The results of the 
analysis are presented in Table 6. 

Table 6. Capillary moisture diffosivity, Dl" 

Concrete Capillary moisture 
diffusivity Dw 

1O-gm2/s 
A 1.2 
B 12 
C lA 
D 1~ 

E 0.7 

A statistical connection between the capillary index and the capillary moisture diffusi vit y was 
established as: 

D" =1.16.10-6 ·k, (3) 

where Dw is capillary moisture diffusivity in units m'/s, and capillary index, k, in units 
kg/(m2·sl». 

4.2 Air pore absorption and air diffusion coefficient 
According to Fagerlund the air pore absorption rate is related to the air pore distribution. The 
time for an air pore to be complete1y filled by water can be evaluated from equation 4 [8]: 

where 
t is 
r 
Ö 

l 

(=935·106 ·r' IÖ1 

is the time for an air pore with radius r to be completely filled with water, s 
air pore radius, m, and 
diffusion coefficient of air in cement paste, m'ls. 

(4) 
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The diffusion coefficient of air in cement paste is according to Fagerlund about 10-11 to 10-12 

m%. Equation 4 can be worked out to give the air pore radius r corresponding to time t. At 
any time t all the air pores having a smaller radius than this value are supposed to be water 
filled. 

(5) 

By inserting equation 5 into equation l the total air pore absorption can be expressed as: 

(6) 

where 
llwis the amount ofwater filled air pores, m3/m3, 

w concrete water content, kg/m3 and 
w.p nick point water content, kg/m3• 

The filling rate of air pores was measured by the capillary water uptake test. The value for the 
diffusion coefficient of air in cement paste, 1\, was determined by comparing the measured 
and calculated water content. 

In the first analysis a value for the exponent of air pore distribution, n", was chosen to yield 
the best fit with the measured water absorption in air pores. The exponent n" was however not 
allowed to be greater than 1.5 as the exponent of time, n,,/3, in equation 6 was not allowed to 
be greater than 0.5. 
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Figure 5. Principle of the determination of diffusion coefficient of air in cement pas te. 01. 
ConcreteD. 

The results ofthe analysis are presented in table 7. 
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Table 7 Diffosion co<if.ficient of air in cement paste oJ determined by the 'bestjit'-principle (nr;max = 1.5). 

Concrete Air pore distribution Diffusion coefficient of air 
exponent, n, in cement paste, ö" 

x 10.11 m2/s 
A 1.5 0.65 
B 1.5 1.53 
C 1.5 3.33 
D 1.5 9.39 
E -l) _I) 

I) The values for eonerete E can be consIdered mcorrect as the amount of air pores < l mm in this eonerete was 
very small compared with the amount of compression pores. 

Furtherrnore the same analysis was done using the measured exponent of air pore distribution 
il, (see table 2 above). In this case the agreement of the theoretical air pore absorption with the 
measured water absorption of air pores was not so good, but the variation in c\ was smaller. 
The results of this analysis are presented in table 8. If concrete E is excluded the average value 
for ö" was 0.36 x 10.11 m2/s. 

Table 8. Diffusion coefficient of air in cement paste, SJ" determined using valuesfor exponent nr from air pore 
analysis 

Concrete Air pore distribution Diffusion coefficient of air 
exponent, il, in cement paste, Öl 

x 1O·lI m2/s 
A 1.33 0.33 
B 1.14 0.38 
C 0.85 0.19 
D 0.72 0.52 
E - -

The value recommended for diffusion coefficient of air in cement paste to be used in 
cornputer simulation is Öl = l X 10.11 m2/s. This is slightly greater than the average in analysis 
above. However, this value is justified by some auxiliary test results, which are not presented 
here. These results were obtained from 'a sprinkler irrigation test'. In this test concrete 
samples were exposed to artificial rain and the results were analysed in the same way as in the 
standard capiIlary water uptake test [6, 71. The air pore absorption was faster in the 'sprinkler 
irrigation test' than in the standard capiIlary water uptake test. 

5 DRYING TEST 

5.1 Test and initial results 
For the dryingtest concrete sections (25xl00xlOO mm3 - 3 sections per each concrete A, B, C, 
D and E) were first stored in RH 95-100% for 70 - 80 days. Afterwards the sides of the 
sections were sealed to aIlow drying only through the two opposite faces (lOOxIOO mm2). The 
weight ofthe concrete sections was foIlowed for 91 days as they were drying in RH 70%. 
The drying of the concrete slices in RH 70% is presented in the figures 6 and 7. In figure 6 the 
weight loss with time is related to the initial weight. In the figure 7 the weight loss is 
presented as the degree of water saturation. 
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Fig. 7. Degree of water saturation in the drying test. The drying phase in RH 70% was followed by 
waler slletion, preSSllre saluralian and dtying in 105 oc, Coneretes A, B, C, D, and E. 

5.2 Water vapour diffusion coefficient 
In the computer simulation programme the moisture transfer in concrete takes place by both 
capillary water diffusion and water vapour diffusion. The water vapour diffusion coefficient 
was assumed to be in relation to the relative humidity of concrete according to equation 7. 

(7) 

where 
1) is water va pour diffusion coefficient, kg/Cm s Pa) 
1)P 

pO water vapour diffusion coefficient at a low relative humidity, kg/Cm s Pa). 
<p relative humidity of concrete and 
b2 and n2 are constant parameters. 
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The water vapour diffusion coefficients for the test concretes were determined by an analysis 
of the test results. This analysis was done by dividing the thickness of the specimen (25 mm) 
calculatorily into five slices C figure 8). Inside concrete the moisture was assumed to be 
transferred both by capillary water diffusion and by water vapour diffusion. At the edges the 
moisture was assumed to be removed by convection (RH 70% and t = 20'C). 
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Fig. 8. Measured and calculated drying of concrete A. 

d ry in g 

As a result of the analysis the water vapour diffusion coefficient could be expressed as: 

The values of o pO are presented in table 9. 

Table 9. Water vapour diffusion coefficients at a 10lV relative humidity. Concretes A, B, C. D and E. 

Concrete Water vapour diffusion 
coefficient o pO 

kg/Cm s Pa). 
A 1.9 
B ~O 

C 1.6 
D 1.7 
E 1.5 

(8) 

A statistical connection between water vapour diffusion coefficient at a low relative humidity, 
0po, and the capiIlary moisture diffusivity Dw could be found: 

(9) 

In equation 9 the unit of Opo is kg/Cm s Pa) and the unit of Dw is m2/s. 
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6 CRITICAL DEGREE OF SATURATION TEST 

6.1 Test and initial resuIts 
For each concrete A - E IS concrete sections (50x100x100 mm3) were prepared. In each series 
of specimens the degree of water saturation was adjusted so that it ranged from about 0.75 to 
1.00. The specimens were wrapped in a plastic foil during the freeze-thaw test. Degradation 
was determined by measuring the ultrasonic pulse velocity in the specimens after l, 3 and 6 
freeze-thaw cycles. The dynamie modulus of elasticity was assumed to be proportional with 
the square of ultrasonic pulse velocity. 

The results for concretes A and C can be seen in figures 9 and 10. In these figures the 
reduction of the dynamic modulus of e!asticity (E/E,) is presented as a function of the degree 
of water saturation. From the plotted results the criticaI degree of saturation was determined. 
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Fig. 9. Conerete A. Determination on the critieal degree of sall/ration and degradatian after l, 3 
and 6 freeze-thaw cycles. 
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Fig. JO. Conerete C. Determination o/the eritjeal degree ofsaturation and degradatian after l, 3 
and 6 freeze-thaw eye/es. 

The determined values of critical degree of saturation are presented in Table lO. 
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Table 10. Critieal degree of sa/uro/ion for eonereles A lO E 

Concrete S'rlt 
A 0.77 
B 0.81 
C 0.80 
D 0.81 
E 0.80 

6.2 Rate of degradation 
The degradation caused by successive freeze-thaw cycies is defined as the reduction of the 
relative value of dynamic modulus of elasticity. The degradation can be estimated according 
to Fagerlund by the folIowing equation [8]: 

where 
D 

(10) 

N 
is degree of degradation of concrete (O < D < 1) 
number of critical freezing events (number of freezing events with a moisture 
content greater than the criticaI moisture content), 
degree of saturation at freezing, 
the critical degree of saturation. 

KN is the coefficient of degradation. According to Fagerlund, KN can be determined from 
equation 11 [9]: 

A·N 
KN = B+N 

where A and B are constants. 

(11) 

In this research the constants A and B were determined experimentaIly by analysing the 
results of the critical water saturation test. The results are presented in table 11. 

Table J J. Experimen/olly determined volues for eons/anIs A and B. 

Concrete A B 
A 
B 
C 
D 
E 

13.04 
10.22 
9.04 
9.26 
4.11 

The mean value for constant B was 17.1. 

19.00 
15.1 8 
17.08 
18.55 
15.43 

For constant A the folIowing formula could be developed: 

A = 36.2 wie - 8.0 

where wie is the water-to-cement ratio of eonerete. 

(12) 
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According to formula 11 the degradation of concrete occurs rapidly in the beginning but after 
some years it stops completely. This kind of degradation is not considered to be in conformity 
with actual degradation in outdoor conditions. It is also impossible to determine the service 
life with that kind of degradation curve. 

The analysis was continued by assuming a slightly different form for the coefficient of 
degradation KN : 

(13) 

As a result of this analysis the following possible solutions for A, B and C could be found: 

C =1.33 A=8.7·wlc-1.9 B=4.l (14) 

C=1.5 A=S.4·wlc-1.2 B=2.6 (15) 

The former value (equation 14) for constant C was considered most appropriate. During the 
service life of a structure the number of critical freezing events is usually some hundreds or 
thousands. This means that the constant B is very small compared to N and can thus be 
omitted. 

As the concrete specimens were wrapped in a plastic foil during the freeze-thaw cyc1es the 
degree of saturation remains constant during the test. This means that the test method does not 
take into account the so-called 'pumping effect' which normally may substantially increase 
the rate of degradation. Because of the 'pumping effect' the actual constant A was considered 
to be multifold compared to the value obtained in the critical degree of saturation test. The 
final value for A was defined by an enquiry, which was arranged for all the frost resistance 
researchers in VTT Building Technology. The researchers were asked to compare the 
calculated rate of degradation to the actual degradation in facade eonerete. As a consensus 
decision the following fornmiae were recommended: 

(16) 

where 

A = 34.8· wl c-7.6 (17) 

6.3 Critical spacing factor 
The values of Sent were used to determine the critical amount of air filled air pores, 

ar,eri/ = (l-Scru)' ~al (18 

where 

<I,;erit critical amount of air filled air pores at S=S,"I' ffi' Im' 

The critical spacing factor corresponding to <I,.eri' was determined using the known theoretical 
air pore distributions and the formula of Powers , spacing factor: 



where 
Lr.crit is 
(l' 

r;crit 

Vpaste 
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[ ( Jl/3] 3 Vpasfe 
Lr;erit = --. . 1.4· --. + 1 -1 

ar;crrt ar;cnl 

Powers' spacing factor corresponding to Sedt , m 
specific surface of air filled air pores at S=Sedt , m2/m3 

concrete cement paste content (exc1uding air pores), m' 1m3 concrete, 

The determined values for the critical spacing factor are presented in table 12, 

Table 12. Experimentally determined values for eonslanls A and B, 

Concrete L,,,rit 
A 0.434 
B 0,599 
C 0.347 
D 0,525 

For the simulation computations a value Lr,crit = 0.40 mm was recommended, 
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Abstract 
A hypothesis for a mechanism causing salt frost scaling of porous materials is described. It is 
hypothesised that salt frost scaling mainly is due to the much facilitated osmotic ice body 
growth, in the sUlface elose regions of a material, which results from the presence of same 
liquid phase, e.g. a salt solution, at the material surface. A shOlt review of the appropriate 
thermodynamics is given. Several results from salt-frost scaling tests, which have been 
reported in the literature, are explained. 

1 INTRODUCTION 
The mechanism( -s) of salt frost scaling of porous, bri ttle materials is ( are) unknown. 
Consequently, precise prediction of the service life of a certain material in a certain 
environment cannot be made and thus material qualities cannot be optimised on basis of the 
environmental conditions in which the material is to be used. 

Recently though, a hypothesis describing a major mechanism of salt frost scaling was 
forwardedl, which may be used to explain most of the hitherto repeatedly reported 
observations from tests of salt frost scaling. It is the aim of this paper to describe this 
mechanism. 

2 PROPOSED MECHANISM 

2.1 General description 

When a porous specimen containing water and some ice is cooled, the vapour pressure of the 
ice falls below that of the water. Due to the difference in vapour pressure, water starts moving 
towards the ice bodies, which thereby grow. The pores containing water will be partially 
drained, by which process the vapour pressure of the remaining water is reduced, After a 
certain extent of drainage has been reached, the vapour pressures of the ice and the water will 
again be equal and equilibrium will thus be re-established. Consequently, no further water 
movement takes place and the ice bodies stop growing. Altematively, equilibrium may be 
established if the vapour pressure of the ice is somehow raised, e,g, by applying a positive 
pressure on the ice. 

This type of ice body growth, is frequently referred to as osmotic ice body growth and is the 
cause of both wintertime soil heaving2 and of frost induced deterioration of cement based 
materials 3,4 
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Since the narrow pores are partially dried due to the osmotic ice body growth, the material is 
now in a state of suction. In a moisture-isolated specimen, this results in shrinkage. However, 
if some Iiquid were present at the material surface, that liquid would be sucked into the pores. 
The extent of drainage would be reduced and the chemical potential of the water elose to the 
ice bodies would be raised above the value required for equilibrium with the ice. Thus, more 
water would move from the Iiquid to the solid ph ase, i.e. the ice bodies would grow. The only 
way of re-establishing equilibrium now is to raise the ice pressure (or, possibly, add some 
solute to the water phase, see below). This occurs when the ice bodies have completely filIed 
the pores in which they began growing. However, the required ice pressure is some 1.1 MPa 
per degree below freezing, i.e. already at _sac, a pressure of 5.5 MPa on the ice is needed. 
Considering that the tensile strength of cementitious materials is only a few MPa, one realises 
that this type of ice body growth, i.e. ice body growth with almost uniimited access to mois­
ture, readily produces ice pressures which will damage the matelial. 

2.2 Driving force 

It was stated above that equilibrium may be re-established by increasing the pressure on the 
ice, or by adding some solute to the liquid phase. The following is a description of which pos­
sibilities are at hand and how each one of them affects the equilibrium. (The reader may alter­
natively proceed immediately to section 3). 

The driving force for the described phase transition and the consequent suction consists of a 
difference in level of free energy of the solid and the liquid phase at the interface between the 
two phases. Such a difference may be expressed in terms of level of free energy, chemical 
potential or, as above, in terms of vapour pressure. Here, the discussion is given in terms of 
chemical potential and the reader is referred to the literature, e.g. Atkins5, for the relation 
between chemical potential and vapour pressure. 

At the interface Iiquid water - solid ice, the driving force for osmotic ice body growth may be 
calculated from the chemical potentials of each phase. Assuming the molar volume and the 
entropy to be pressure- and temperature independent, respectively, we have for the liquid 
water phase, 

in which 11 
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= 
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chemical potential, i.e, the change in free energy of the system caused by the 
addition of one mole of water to the system, 
chemical potential at the reference state 
molar volume of the liquid, appr. 18xIO,6 m3/mole 
pressure 
reference pressure, usually 101325 Pa (l atm) 
molar entropy, appr. 63 J/K/mole 
temperature 
mole fraction of water in the liquid 
radius of the pore in which the liquid is confined 
ch ange in interface free energy due to addition of n moles of water 

A similar expression is valid for the chemical potential of the ice phase, 11" Usually though, 
the ice may be regarded as pure ice and the term RTln(X) thus may be omitted. 
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Imagine a system consisting of an inert matrix (the concrete specimen) containing both ice 
and water. The change in free energy of the entire system when the amounts of ice and water 
are changed is 

(2 ) 

in which n denotes number of moles of each phase in the system. In a system closed to mass 
exchange with the surroundings, 

dn,. + dnl = eonst ~ dn, = -dill (3 ) 

The change in free energy of the entire system when moleCliles are transferred from the Iiquid 
to the solid state therefore may be calculated 

dG,,., = (f.l, - J.l, )dn, (4) 

From this expression, it is seen that when the chemical potential of the ice is less than that of 
the liquid ph ase, the free energy of the entire system is reduced if molecules are transferred 
from the liquid to the solid state. The driving potential 11p, or the "driving force", for phase 
transi tion thus may be calculated 

(5 ) 

Now we shall exarnine how this driving potential is affected by changes in temperature, pres­
sure, mole fractions and pore sizes. 

Effect of temperature 
The chemical potential of each phase changes with temperature according to 

df! = -SdT (6 ) 

Since the entropy, S, of water is some 63 JfK/mole and that of ice is some 41 JIK/mole, a de­
crease in temperature rises the chemical potential of water more than that of ice so that the 
difference in chemical potential according to eq. (5) is negative. Thus, in a situation where 
water and ice co-exist at equilibrium (e.g. at ooe and atmospheric pressure) and the tempera­
ture is lowered, a driving potential for transfer of molecules from the water to the ice is set up. 

Effect of pressure 
The chemical potential of each phase changes with pressure according to 

dJ.l =V",dP (7 ) 

An increased pressure thus rises the chemical potential of both phases. However, since the 
molar volume of ice, Vm." is slightly larger than that of water, equal pressure changes will rise 
the chemical potential of ice more than that of water and thus the driving potential for phase 
transition is reduced. 
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Figure 1: Prillcipal dependellce of free elle'"!IY of water and ice on te//lperature (lejt) and presslI/'e (right). 

Suitable choices of reference temperature and referel1ce pressw'e indicated. Dashed lines: The addition ofsame 
solute to pure water reduces its jree energy. eg. (7). 

Effect of solutes in the water 
If some sol ute is added to the water, the chemical potential of the water is reduced so that 

(7 ) 

in which !ll.,efis the chemical potential of pure water under equal conditions in terms of tem­
perature, pressure and so on. The term X, the mole fraction, is the fraction of water molecules 
to the total amount of molecules in the Iiquid solution, i. e. 

X = __ n-'C/I",,o,--_ (8 ) 
llH20 +l1.sol 

For l kg of a 3% b.w. NaCl solution, we have (mole weights 53.5 and 18 g for NaCI and H20, 
respectively) 

nwl = 30153.5 = 0.561 males 

n,ol =(1000-30)/18=53.9 males 

X = __ n_H.=.,o __ __ 5_3._9_ = 0.9896 ... 
53.9+0.561 

At room temperature, T=298 K, the chemical potential of a 3% NaCl solution is less than that 
of pure water by an amount of 

fl.wlu'i",' - !-lp","",a", = RTln(X) = 8.3145·298 ·ln(0.9896) = -25.7 J/KImole 
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The effect of an added solute on the level of free energy of water thus is to displace down­
wards the curves for water in figure 1. There it is seen that the equilibrium is displaced to­
wards a lower temperature and a lower pressure, respectively. 

Effect of pore size and interface free energies 
In a porous material, there are many interfaces between the different phases, e.g. between the 
solid matrix and the air in its pores. These interfaces contribute to the totalleveI of free 
energy of the entire system. Any change of the amount of the different phases in such a 
system will change the amounts and types of interfaces. In fine porous materials, the quantity 
of these changes may be quite considerable as compared to the entropy and pressure changes 
attributed to phase changes and therefore the interface changes involved must be taken into 
consideration when studying the driving forces for phase transition. 

When water penetrates the pores in a dry, porous material, the initial interfaces matrix-air are 
substituted by an interface matrix-water. The change in interface free energy is 

11 Y = YUq-mat - Yair-mm (9 ) 

For materials in which capillary sllction of water is a spontaneous process, Llyis negative, i.e. 
the change of type of interface callses a reduction in level of free energy of the system. 

The change in free energy of the system is also dependent on how large an interface area is 
changed per mole of liquid added to the system. This depends on the size and shape of the 
pore to which the liqllid is added. In the case of a cylindrical pore of circlllar cross section and 
radius r (fig 2), the term dA in equation (1) is: 

dA =2nrd;t; (lO) 

in which el" is the depth of water penetration. cLr; is calculated from the volume of water that 
enters the pore: 

(11 ) 

with 1';",1 the molar volume of water and dill the change of water content. The change of inter­
face area per mol e of w ater that enters the pore, dAm, thus becomes: 

,=1 dx 
./ 

liquid _________ _ 

Figw"e 2: Wafer meniSCltS penetrating a distance dx into a cylinder of circular cross section. 
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and the chemical potential of the water is: 
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(12 ) 

(13 ) 

If the pore is not of circular cross section, the factor 2/r must be replaced by the hydraulic 
radius of the pore, Le. the ratio of its circurnference to its cross section area. 

From eq. (13), we see that when the material is almost completely water saturated, so that the 
radius r, of the pores to which any additional water would be added, is very large, the chemi­
cal potential of the pore solution is equal to that of the same solution in bulk. Remembering 
that Llyis negative (eq. 9), we also realise that when the pore system is drained, so that the 
water meniscus mo ves towards pores of smaller radius, the chemical potential of the remain­
ing water is reduced. Thus drainage is a way of establishing equilibrium between remaining 
water and existing ice. (The equations also show that the driving force for capilIary suction is 
larger the more narrow the pore.) Of course, if the ice bodies grow so that ice spreads into 
narrow pores, a tenn similar to the last one on the right side of eq. (13) should be used also for 
the ice. 

Combined effects 
We now have the tools to study how a disturbance of the equilibrium between ice and aque­
ous solution in a porous material may be re-adjusted. 

First, suppose ice formation begins in the large entrained air pores of concrete and that subse­
quent ice growth takes place through redistribution of water from narrow pores to the (large) 
ice bodies, i.e. through drainage. To what extent, in tenns of pore radii, must this drainage be 
driven in order for equilibrium to be established at -10°C? (Assume no pressure changes take 
place.) 

The reference point is set at T=273.1SK and P=10132S Pa. The change in chemical potential 
of the ice due to the temperature change is 

f.l, - f.l"j = -Sm., (T, - T'<f )z --41· (263.15 - 273.15) = 410 J/moJe ( 14) 

Correspondingly, the change in chemical potential of the ice due to the temperature change is 

f.l, - f.l"f =-smA:z; -T"r)z -63·(263.15-273.15) = 630J/mo1e (15 ) 

Obviously, the temperature change has created a difference in chernical potential and water 
will move towards the ice and add to the growth of the existing ice bodies (provided that ice 
formation does not take place in the fonn of spreading towards smaller pores, a case which 
cannot be treated here). To find the radius of the pore at which equilibdum is again estab-
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lished, we use the following expression (assuming the pores to be long narrow pores of cir­
cular cross section): 

() 2V"" 
- S"", T, - T"j = -S""l (T, - T.4 ) + ~Y-r-' ( 16) 

The value of dyis estimated to be -0.075 J/m2 (see Lindmark1 for details). With the values 
given above, we now find r = 12 nm. From pore size distributions of pure Portland cement­
pastes, we find that this approximately corresponds to a degree of saturation in the range 0,70 
- 0.90 (depending on water-to-cement ratio and degree of hydration). 

If drainage is prevented, e.g. because an outer liquid phase is present and successively sucked 
into the pore system, the pressure on the water will remain atmospheric and equiIibrium might 
need to be established in the form of an increased pressure on the ice. What ice pressure is 
then required? Using the equations above, we may write 

( 17) 

with Vm,s=19.65xlO-6 m3/mole, we find Ps = 11.3 MPa. Although the exact ice pressure re­
quired for damages to occur is unknown, it seems likely that ordinary cement pastes, due to 
their low tensile strength, are not able to withstand such ice pressures. 

Now, if the pore solution close to the interface between the pore solution and the ice is not 
pure water, e.g. because the de-icing agent of the outer solution has penetrated inta a certain 
depth, how is then the required ice pressure affected? At _10°C and with a 3% b.w, NaCl so­
lution present at the interface ice-solution, the ice pressure required for equilibrium to be 
maintained is reduced from 11.3 MPa (as above) to 10 MPa (insert the last term on the right 
side of eq. (7) on the right side of eq. (17).) 

Thus, the presence of some solute, e.g. a de-icing agent, reduces the chemical potential of the 
liquid and the required ice pressure is reduced. During cooling of the outer solution, the con­
centration of the remaining outer solution is always adjusted so that the solution is at equilib­
rium with bulk ice. If that solution reaches the interface between pore solution and ice bodies 
inside the specimen, the driving potential for osmotic ice body growth will be zero. However, 
depending on the position of the ice body, i.e, its distance from the specimen surface, the 
outer solution may not reach the interface before the ice body has already grown enough to 
cause damage, Clearl y though, the more time there is for the de-icing agent to penetrate the 
pore system before freezing sets in, the high er the concentratian of solutes in the pore solution 
and the lower the maximum pressures exerted by the ice bodies. 

Summary 
To summarise, we conc1ude that the difference in chemical potential between ice and pore 
solution constitutes a driving force for flow of pore solution towards the ice bodies alld indi­
cates the theoretical maximum pressure that the ice may exert on the pore walls. At what 
depth the ice bodies actuall y will exert maximum pressure depends on the permeability of the 
material (in its partly frozen state), the rate of heat flow, the distribution of solutes, and the 
distribution of initial ice bodies. The first and last of these parameters is highly depending on 
the pore size distribution of the material, which in tum is highly dependent on how the mate­
rial has been treated before freezing. The other parameters are highly dependent on how the 
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test is canied out. Clearly, the mechanism is sensitive to many factors and one realises that 
small changes in the test procedure, especially those that may affect the pore size distribution 
of the material, will cause large variations in test results. 

Finally, it should be emphasised that the thermodynamics described here should be valid for 
osmotic ice body growth and consequent redistribution of moisture either the specimen is 
isolated to exchange of moisture with the surroundings or not. The case of salt-frost induced 
deterioration differs from that of frost deterioration under conditions of moisture isolation 
only in that the system is open to the surroundings. The mechanism of salt-frost scaling de­
scribed here thus is superimposed on the mechanisms of "inner" frost deterioration. Its effect 
is mainly (possibly only) distinguishable in the surface zone. 

3 PREDICTIONS AND COMPARISON TO RESULTS FROM THE 
LITERATURE 

In the literature, some interesting phenomena have been reported which are yet to be ex­
plained. The following, which is a shortened version of the text in Lindmark1(see the original 
for full detaiIs), shows how the proposed mechanism may be used to explain some of these 
phenomena. 

Reasons for a "3 % pessimum" 
Most-discussed among the reported phenomena is the apparent existence of a "pessimum" de­
icer concentration: Amfeldt13 and Verbeck and Kliegerl4 reported that a de-icer concentration 
of about 3% b.w. in the outer solution would cause the most severe damage. According to the 
present hypothesis, the foJlowing factors may be distinguished as those which act to cause 
such a "pessimum": 

From the hypothesis, it is cIear that a certain de-icer concentration is needed in the outer solu­
tion, since otherwise there will be no liquid phase avaiIable during freezing. The higher the 
de-icer concentration in the outer solution, the larger the amount of moisture avaiIable at each 
temperature during freezing. This "positive" effect of the outer salt concentration is opposed 
mainly by the following: In tests such as those run by Amfelt or Verbeck and Klieger, and in 
modem standard test methods, the outer solution is left on the specimen surface during the 
period of temperatures above DoC. During this time, the de-icer mayenter the pores of the 
specimen, and possibly decrease the mole fraction of water in the pore solution (depending on 
the concentration of the outer solution and the total ion exchanges). During the next freezing, 
this will make the pore solution in the outermost part of the specimen freeze at a lower tem­
perature than the natural pore solution wouId. This will reduce the driving force for ice body 
growth and for moisture flow and will aIso reduce the maximum possible ice body pressure, 
thus reducing the risk of damage. The first formed ice bodies will be displaced to agreater 
depth and their growth will be limited by the increased resistance to moisture flow that the 
longer flow distance represents. Furthermore, the increased de-icing agent content of the pore 
solution will reduce the number of (potentially) growing ice bodies, thereby reducing mois­
ture uptake. For further details see Lindrnarkl. 

Effect of entrained air 
Entrained air may prevent, or at least delay, damage, provided the air content is high enough. 
Upon cooling, air contracts and sucks pore solution into the pore. When this water freezes, the 
mechanism is activated; moisture flows into the specimen and accumulates in the air pores. 
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On melting, the air expands and presses out as much water as was sucked in due to its con­
traction during cooling. Thus in a frost cyc1e in which the duration of the thawed state is long 
enough, the air pore system will be completely restored and will have regained its full protec­
tive function for the next freezing. If, however, the compressed air can find some way out, the 
moisture uptake will be permanent and thus the protective effect of the air voids will be re­
duced in the next frost cycle. AIso, because, in several test methods, the duration of cooling is 
longer than that of heating, there is simply more time for absorption (both due to thermal 
contraction of enclosed air and due to cryo-suction) than there is for desorption. 

If the frost cyc1e is changed so that temperature oscillates between the freezing point of the 
pore solution and some lower temperature, say _3° and -lOoC, the ice in the air pores never 
melts and more and more ice will gather in the air pores. After several cyc1es, the air pores 
will be completely [iIled and the material surface will deteriorate. 

It follows naturally that the required air content is higher in a specimen subjected to combined 
salt and frost attack than in one subjected to pure frost attack. While the air pores in the latter 
will need only to protect the material against freezing of its original water content, the air 
pores in a specimen subjected to salt frost attack also must provide ample space for accumu­
lation of the ice which forms from incoming moisture. Whether the required tme spacing be­
tween air voids needs to be shorter than in ordinary, pure water frost attack, cannot be said. 

Effect of carbonation 
According to some reports, carbonation has a limiting effect on surface scaling6,7. The effect 
of carbonation is probably due mainly to its effect on the permeability of the surface zone. 
Different effects on the surface layer are obtained depending on cement type and admixers. 
For ordinary Portland cement-based materials, carbonation causes adenser pore stmcture8, 

while cements containing ground, granulated blast fumace slag (GBFS) become coarser9• Ac­
cording to what was reported by Powers et allO on the dependence of permeability on pore 
size distribution and total porosity, it thus seems that carbonation will cause a reduction of the 
permeability of pure Portland cement materials, while that of materials containing GBFS will 
be increased. The role of permeability was discussed above: Portland cement material will 
probably benefit from carbonation while GBFS material will become more sensitive to salt 
frost attack. 

In Lindrnarkl, the following summary of results reported in the literature was made: 
1. Surface scaling almost never appears in the absence of an outer solution which to some 

extent remains liquid at temperatures lower than the normal freezing point of the pore so­
lution of HCP. It may even be noted that in the two reports in which scaling is reported 
when the outer solution was pure water, either the outer water was rich in naturally occur­
ring ions ll or the specimen surface had been exposed to a salt solution prior to testing so 
that the pore system did contain some saltl2 [S 1965). 

2. Portland cement-bound materials with proper air void systems are able to withstand com-
bined salt and frost attack, at least in laboratory tests. 

3. The chemical composition of the de-icing agent seems to be of no importance. 
4. Without actual freezing temperatures, no scaling occurs. 
5. Use of a lower minimum temperature will produce more scaIing, at least for minimum 

temperatures in the interval O°C >8 >-20a C. 
6. Coarse porous materials are more sensitive to salt frost attack than dense materials. 
7. Purely chemical mechanisms are of little importance in comparison to physical mecha­

nisms. 



98 

The explanation of the first point should be rather obvious from the above reasoning. The role 
of the high amounts of naturalIy-occurring ions in the outer water will be the same as that of 
salt in a salt solution; these ions will serve to depress the freezing point of the outer solution. 
Considering the low quality of the materials used in their study (a w/c ratio 0.60 eoncrete 
without air entrainment), the scaling repOlted by Stark and Ludwig" must be regarded as very 
small: af ter 28 frost eyc1es, the aecumulated seaIing obtained with a water quality containing 
the highest amounts of solutes was only 0.49 kg/m2 for the conerete made with pure Portland 
cement. In a tradition al salt frost scaling test, using a 3% NaCl solution, sueh a low quaIity 
conerete would be expected to be very much more damaged (see, for example, the tests re­
ported in the next ehapter). In Snyder's results12, scaling was obtained when the specimen was 
covered with pure water af ter first having been exposed to a salt solution. It seems reasonable 
that this previous exposure to a salt solution must have resulted in some salt being left in the 
pores elose to the specimen surfaces. During the subsequent freezing tests, this salt may have 
served to provide a liquid phase during at least a part of the frost cycle. 

The second point concerns the effect of entrained air voids and was discussed above. 

The third point also follows 10gicaIl y from the described mechanism, since the important role 
of the de-icing agent is to provide a liquid phase. However, in the results by ArnfeltI' and 
Verbeck and Klieger'" it can be seen that optimum scaling is actuaily dependent on the de­
icing agent used to bring about a freezing point depression of approximately 2°C. This may be 
because the rate of diffusion of different de-icers inta the pore system varies, and/or because 
the eutecticum, below which there will be no liquid phase remaining on the specimen surface, 
varies by type of de-icer. 

The fourth needs no further comment. 

The fifth point: The driving force for moisture absorption increases with decreasing tempera­
ture (eq. ()). This is likely to result in increased scaling. However, at temperatures below-
20°C though, it might be that the pore system of Portland cement bound materials is elogged 
with iee to such an extent that the permeability is too much reduced to alIow any more iee 
body growth. 

Point six is mainly explained by the effect of miero pore structure on intrinsic permeability 
and on the amount of ice formed at a given temperature. 

The final point stands on its own. 

Finally, there are other phenomena, which are not straightforwardly explained by the de­
scribed mechanism. For example, the sudden increase in scaling on high performance con­
cretes containing siIica fume, reported e.g. by Petersson", cannot be explained, unIess the 
described meehanism causes successive accumulation of moisture in the pares of sueh materi­
als. Further research is needed. 

4 CONCLUSION 
The proposed mechanism is robust in the sense that it requires no unusuaI circumstances for it 
to function. Rather, it will be active as long as penneability is high enough and the heat re­
leased on freezing is conducted away at a sufficient rate. Furthermore, the mechanism is sen­
sitive to small changes in material properties and test procedure, a fact which is likely to make 
final scaling sensitive to such variations. On a qualitative basis, laboratory results found in the 
literature and results from our own investigations are in accord with predictions made from 
the h ypothesis. 
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INTRODUCTION 

This paper reports a series of experiments made at the precast concrete factories of Parma 
Betonila Oy, Finland to analyse the frost resistance of fa<yade elements produced by standard 
techniques. 

It has been speculated that the intensive compaction used in the precast concrete production 
may affect the quantity and quaiity of air-voids. Therefore, the focus was mainly on the stability 
of the air-voids in the concrete. In addition to the analyses of the air-voids, the experiments 
included some direct freezing and thawing tests. 

2 TEST PROGRAMME 

2.1 Test eoneretes 
Test concretes were cast at four Parma Betonila factories. The factories selected the concrete 
types according to their needs. Altogether, eight test concretes were selected for fa9ade elements, 
as weil as, one test concrete for balcony elements. Four of the fa<yade element concretes were 
made by using portland cement (rapid hardening) while the other four were made by using white 
portland cement. 

In the case offa<yade elements, the outer layer of the sandwich element was simulated. The 
size of the test element was approximately 1 . 1 m2 and its thickness was 80 mm. The test 
elements were manufactured by standard factory routines. The fa<yade elements were compacted 
by table vibration, in some cases also by poker vibration (with or without table vibration). The 
elements were cast horizontally, so that the outer surface was against the vibrating table, which 
is the normal procedure in the production of sandwich elements. 

The balcony elements were compacted by a poker vibrator. 
Since the main object was to study the stability of the air-void system, it was considered 

important to analyse the sensitivity of the air-void system to compaction. Three different power 
levels were used. The nonnallevei was chosen according to the factory' s practice and the type 
of concrete. The power was altered by changing the vibration time. The anlplitude and the 
frequency of vibration were kept constant. The accelerations of the vibrating tables were 
measured before the elements were cast. 

In addition to the compacting power, it was considered necessary to analyse the air-void 
system in different parts of the elements, i.e. elose to the mould (outer) surface vs. elose to the 
back surface. Table I shows the experimental variables. 

Altogether 29 test elements were prepared inc1uding 26 fa<yade elements and 3 balcony 
elements. A large number ofcores (diameter: 100-150 mm) were drilled out of the elements for 
testing. 
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Table l. Experimentalvariables. 

Variable 

Compaction power 

Position in the 
element 

2.2 Test methods 

Level 

Low level; a short compaction time, approx. 50% the normal time 
NormalleveI; a normal compaction time 
High level; a long compaction time, approx. 200% the normal time 

Mould surface; within 30 mm ofthe mould surface 
Back surface; within 30 mm of the back surface 

Since the main object was to study the stability of the air-void system, most of the tests were 
concemed with the content and the quality of the air in the concrete. In addition, direct frost 
resistance tests were carried out. The test methods are listed in Table 2. All tests were performed 
at Addtek Research & Development (ARD), Parainen, Finland except for the thin section 
analyses which were made by VTT, Finland. In addition to the frost resistance test, the study 
included normal testing of fresh and hardened concrete. 

Table 2. Test methods for frost resistance. 

Test method Measured parameters 

Air content of fresh concrete [1] Air content of fresh concrete. 

Pressure saturation, Air content ofhardened concrete. 
protective pore ratio [2] 

Freeze-thaw resistance [3] Frost resistance after l 00 (and 300) cycles. 

Thin section analysis [4] Air content ofhardened concrete, specific surface area 
and spacing factor of protective pores. 

In the protective pore ratio test, the test specimens are tirst water-saturated at normal air 
pressure. Next, the specimens are fully saturated at an overpressure (15 MPa for 24 hours). The 
additional saturation through the pressure treatment is considered to correspond to the volume 
of the protective pores. This is a simple and reliable test method for determining the air content 
ofhardened concrete. The size of the test specimens was: h " 30 mm and 0 = 100-150 mm, three 
replicate specimens were used. 

In the freeze-thaw resistance test, the specimens were freezing in air at -20°C while thawing 
took place in water at +20 °C. The test consisted of 100 cycles, with some test concretes also 
300 cycles. The tensile splitting strength ratio of the specimens subjected to freezing-thawing to 
the reference (water-stored) specimens was used as an indicator of frost resistance. Three 
replicate test specimens were used. The test results may not be absolutely reliable because of the 
small size of the specimens (h" 30 mm and 0 = 100-150 mm). 

Thin section analyses were made by using the modified point counting method. The analysed 
area was 1500 mm2 I sample. The limit value between the protective pores and the compaction 
pores was 0.8 mm, Le. the size of the protective pores was 0.020 - 0.8 mm and the size of the 
compactionpores was > 0.8 mm. The specific surface area of the pores as weil as the spacing 
factor were calculated from the protective pores « 0.8 mm). It is important to bear in mind that 
the thin section measurement of the air content may not be very reliable, the proportion of the 
aggregate in the thin section directly affects the test results. 
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Protective pore ratio tests were performed with all combinations (altogether 58) and the 
freeze-thaw tests were carried out with 34 combinations (100 cycles) and additionally with 6 
combinations (300 cycles). In all, 25 thin section analyses were made. 

3 TEST RESULTS 
The average test results are given in Appendix A. 

3.1 Air content of concrete 
The air content was measured of the fresh concrete and also determined of the hardened concrete 
(pressure saturation and thin section analyses). The air content of fresh concrete indicates "an air 
content potential", but the effects of the actual compaction are not taken into account. Therefore, 
the air content of fresh concrete is normally slightly higher than that of hardened concrete. 

The differences in the air contents of fresh concrete and hardened concrete, measured by 
pressure saturation, are shown in Table 3. Table 4 gives the average effects of the compacting 
power on the air content ofhardened concrete. 

Table 3. Average air content of conerete [%]. The air content of hurdened conerete was measured by means of 
pressure saturation. 

Average Mould surface Back surface 

Fresh concrete 5.73 
(I (1 

Hardened concrete 4.90 4.52 5.28 

Difference; fresh - hardened 0.83 1.21 0.45 
(I = not possible to divide the mould surface and the back surface. 

Table 4. Average air content of hardened eonerete [%J as a jimction of the type and pOIVer of compaetion. The air 
content of hardened concrete was measured by pressure sa/ural/on. 

Vibration Average Mould Back Difference; 
surface surface back - mould 

Table vibration., low level 5.48 5.16 5.80 0.64 

Table vibration, normal leve! 5.11 4.74 5.48 0.74 

Table vibration, high leve! 4.78 4.26 5.30 1.04 

Poker vibration 3.83 3.58 4.08 0.50 

The results showed that some air escaped from the concrete due to compaction. On the average, 
the air content offresh concrete was 0.8 percentage units higher than that ofhardened concrete. 
Furthermore, a difference can be observed between the mould surface and the back surface: in 
the mould surface, the air content was, on the average, 0.8 percentage units lower than in the 
back surface. 

The compacting power also had an effect on the air content ofhardened concrete. The longer 
the compaction time, the lower the air content ofhardened concrete. However, the effect was not 
as big as one might assume: also the 200% compaction time appears to give an adequate air 
content. 

The air content ofhardened concrete, determined by the pressure saturation test, does not give 
any information of the type of air pores that disappeared. Therefore, the effects on frost 
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resistance cannot be estimated directly on the basis of these results. 
Figures 1 and 2 show the relationships between the air content offresh concrete and that of 

hardened concrete measured by means ofpressure saturation and thin section analyses. As can 
be seen, there is a rather great variation in the test results. 
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Figure f. Relationship between Ihe air conlent ofjiesh eonerete and hardened eonerete as a JUnetion of the type 
and power of eompaction. The air eon/ent of hardened eonerete is measured by means of pressure saturation from 
the mould surface. 
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Figure 2. Refationship hetween the air eonlenl of fresh conerete and hardened conerete as a funetion of the type 
and power of compaction. The air contenl of hardened concrete is measured by means of thin seetion analyses. The 
total air content was used (protective + compaclion pares). The specimens were taken from the mould surface. 
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3.2 Pore size distribution of air-voids 
The quality of the air-void system was evaluated by thin section analyses. The average effects of 
the position in the element (mould surface vs. back surface) are shown in Table 5 and the 
average effects of the compacting power in Table 6. A large proportion ofthe thin sections were 
taken of only from the mould surface combined with the normal compacting power. Therefore, 
the comparisons had to make based on a limited amount of data. Only the directly comparable 
pairs are inel uded. 

Table 5. Average efleets of the position in the element on the results of the thin seetian analyses. 

Position n Protective Compaction Specific Spacing 
pores pores surface factor 

« 0.8 mm) (> 0.8 mm) area [mm] 
[%-vol] [%-vol] [mm2/mm3] 

Mould surface 6 3.13 0.27 39.7 0.150 

Back surface 6 3.25 0.88 44.7 0.140 

Difference; back-mould 6 0.12 0.61 5.0 -0.01 

Table 6. Average efleets of the eompaeting power on the results of the thin seetion analyses. 

Position n Protective Compaction Specific Spacing 
pores pores surface factor 

«0.8 mm) (> 0.8 mm) area [mm] 
[%-vol] [%-volJ [mm2/mm3] 

Table vibration, low level 6 3.56 1.17 41.0 0.140 

Table vibration, normallevel 6 3.71 0.83 43.3 0.132 

Table vibration, high level 6 3.38 0.82 43.3 0.140 

According to the results, a small difference can be found between the mould surfaces and the 
back surfaces. The back surfaces contained more compaction pores, but the differences in the 
quantity or the quality of the protective pores were small. 

The effect of the compacting power was even smaller than that of the position in the element. 
The normal compaction power produced the best quaiity, however, the differences are 
insignificant. 

The dependencies of the quaIity parameters ofthe air-void system as a function of air content 
offresh concrete are shown in Figures 3 and 4. As can be seen, all of the results are very good. 
There are no commonly accepted requirements for the air-void quaIity parameters of fayade 
elements, but in Finland spacing factors below 0.27 mm and specific surface areas above 25 
mm2/mm3 are generally considered to ensure an adequate frost resistance of fayade structures. 
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eonerete. Specimens were taken from the mould surface. 
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3.3 Freeze-thaw tests 
The air contents of concrete and the results of the thin section analyses suggested that all the test 
concretes would have a very good frost resistance. Therefore, no big differences were expected 
in the direct freeze-thaw tests. Besides, relatively small test specimens and tensile splitting 
strength test were used and, thus, the variations of the test results would probably cover the real 
differences. 

Atensile strength ratio (between freezing and thawing and reference specimens) of 0.67 after 



107 

100 cycles is normally considered to be the limit value for adequate frost resistance. In these 
tests, the average ratio after 100 cycles was 0.990 and the lowest value 0.71. The same concrete 
showed a ratio of 1.00 after 300 cycles, Le. frost resistance was very good. 

Figure 5 shows the dependence of the tensile splitting strength ratio on the air content of fresh 
concrete. Because of the very good frost resistance of the test concretes and the obviously great 
variation of the test results, it was not considered necessary to analyse the test results more 
closely. 
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Figure 5. Dependenee of the tensile splitting strength mtio qfter 100 eyeles on the air conten! offresh eonere!e. 
Specimens bo!h from the mould surface and the back surface are included 

4 CONCLUSIONS 

The test results proved that some air escapes from fresh concrete during the compaction of 
fa<;ade elements. On the average, the air content ofhardened concrete was 0.8 percentage unit 
lower than that of fresh eonerete. Besides, the air is moving inside the concrete due to the 
compaction. The air content of the mould surface (30 mm layer) was, on the average, 0.8 
percentage unit lower than that of the back surface (30 mm layer). The compacting power 
(compaction time) also affected the difference between the mould surface and the back surface. 

Although some air escaped from fresh concrete due to the compaction, the frost resistance of 
the concrete was not affected significantly. The thin section analyses showed that the content of 
the largest pores (compaction pores; > 0.8 mm) was higher in the back surface and it was 
affected by the compacting power. However, the quantity and the quality of the air-voids 
essentiai to frost resistance (protective pores; < 0.8 mm) were not affected significantly by 
compaction. 

The test results also showed that the present production technology ofParma Betonila ensures 
a good frost resistance for fayade elements. With a proper air-entraining, the air-void system is 
not sensitive to the compaction of the concrete. 
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Appendix A, Table Al. Average test results. 

Code Concrete w/c Air of Vibration Position Air of Thin section results Freeze-thaw 
type fresh in the hardened ratio 

concrete (table vibr. element concrete 
[%] if not other [%] Specitic Spacing Prot. Comp. 100 300 

mentioned) surf. area factor pores pores cycles cycles 
[mm2/mrn3] [mm] [%] [%] 

low mould 3.2 47 0.13 3.1 0.2 1.00 0.99 
low back 4.5 46 0.14 3.0 2.8 0.99 1.09 

A-l 
fayade, 

0.54 6.0 
normal mould 2.8 35 0.16 3.5 0.7 0.88 1.16 

grey normal back 3.6 51 0.11 3.2 1.0 0.92 1.11 
high mould 2.2 45 0.13 3.1 0.2 1.06 1.09 
high back 4.0 53 0.12 3.7 0.1 1.05 1.00 

low mould 3.4 34 0.17 3.0 0.1 1.06 0.97 
low back 4.7 38 0.15 3.7 0.7 1.00 0.91 

fayade, normal mould 3.1 41 0.14 3.1 0.1 1.01 1.07 o 
A-2 0.53 5.4 '" white normal back 4.3 40 0.16 2.9 0.1 0.71 1.00 

high mould 3.1 36 0.17 3.0 0.3 0.88 0.90 
high back 4.5 40 0.16 3.0 0.6 0.87 0.89 

low mould 4.8 
low back 4.9 
normal mould 4.6 51 0.11 4.5 l.l 1.04 
normal back 4.5 1.05 

B-l 
fayade, 

0.52 5.5 
high mould 4.7 

grey high back 4.8 
table + poker mould 3.4 61 0.11 2.8 0.4 
table + poker back 3.8 
poker, norm. mou1d 3.6 49 0.12 3.9 2.5 0.99 
poker, norm. back 4.0 0.90 



Appendix A. Table A2. Average test results. 

Code Concrete w/c Air of Vibration Position Air of Thin section results Freeze-thaw 
type ftesh in the hardened ratio 

concrete (table vibr. element concrete 
[%] if not other [%] Specific Spacing Prot. Comp. 100 300 

mentioned) surf. area factor pores pores cycles cycles 
[mm2/mm3] [mm] [%] [%] 

low mould 6.0 37 0.12 5.5 1.2 0.88 
low back 7.0 0.96 

B-2 
fa~ade, 

0.49 6.0 
normal mould 5.2 45 0.10 6.0 0.4 0.96 

white normal back 6.8 0.90 
high mould 4.4 40 0.13 4.0 0.9 1.00 
high back 6.3 0.86 

poker,low mould 2.6 44 0.13 3.1 2.0 1.26 
poker,low back 3.4 1.11 

B-3 
balcony, 

0.49 4.8 
poker, norm. mould 4.0 48 0.12 3.6 2.7 1.14 o 

grey poker, norm. back 4.2 1.04 
poker, high mould 4.3 46 0.13 3.5 2.8 0.98 
poker, high back 5.0 0.93 

low mould 4.8 

fas:ade, 
low back 4.8 
normal mould 4.3 27 0.25 2.8 2.6 1.03 

C-l 
grey 

0.51 5.6 normal back 4.1 1.13 (black 
high mould 4.2 

pigment) 
high back 4.2 



Appendix A, Table A3. Average test results. 

Code Concrete w/c Air of Vibration Position Air of Thin section results Freeze-thaw 
type fresh in the hardened ratio 

concrete (table vibr. element concrete 
[%] ifnot other [%] Specific Spacing Pro!. Comp. 100 300 

mentioned) surf. area factor pores pores cyc1es cycles 
[mm2/mm3] [mm] [%] [%] 

low mould 5.3 
low back 5,4 

C-2 
fa9ade, 

0,51 6.1 
normal mould 4.9 52 0.11 3,7 1.0 0.98 

white normal back 5.5 1.08 
high mould 4,7 
high back 5.2 

poker,low mould 8.1 
poker,low back 8,4 

D-I 
balcony, 

0,50 5.8 
poker, norm, mould 8.2 26 0.15 5.7 1.9 LlO(l 

grey poker, norm, back 8.8 
poker, high mould 7.5 
poker, high back 8.1 

low mould 5.7 
low back 6.7 

fa9ade, 
normal mould 4.8 27 0.19 3.7 0.8 0,92 (l 

D-2 0,49 6.5 normal back 6.2 
white 

high mould 3.3 
high back 5.3 

(l the mould surface and back surfaces were not separated 
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MOlS TURE ABSORPTION DURING FREEZE-THA W AND RELATION 
TO DETERIORATION 

Terje F. R!ilnning 
NorcemA.S 
P.O.Box 38, N-3991 Brevik, Norway. 

1 INTRODUCTION 

1.1 General 
Many researchers have recognised the significance of differences in thermodynamic potential 
when concrete is subjected to freeze-thaw for increasing the degree of saturation. The 
redistribution of moisture within the concrete is believed to activate suction forces causing 
moisture, if available, to penetrate from the outside. Such potential forces are capilIaryor 
osmotic forces - or the thermodynamically potential differences - or a combination of these. 
The thermodynamics will not be further dealt with in this paper, it may be found in [1]. 
Absorption tests and examination of the effect of the salt content of pre-storage conditions on 
the scaling level were performed [2]. 

1.2 Saturation 
Fagerlund [3] performed a series of tests of actual degree of saturation. It was found that 2,5% 
to 5% NaCl in the testing liquid during freeze-thaw provided the highest degree of saturation 
in the concrete - compared to isothermal conditions and other salt concentrations. Bager & 
Jacobsen [4] related the water uptake to scaling and dilation and found a close correlation to 
both. 

1.3 Significance of research 
The objective of the present study was to carry out a limited investigation of the absorption 
properties with different curing regimes - and to compare these to both scaling and internai 
deterioration. 

2 EXPERIMENTAL 

2.1 Principles 
Concrete of different proportions were subjected to standard and modified pre-testing 
procedures, compared to SS 13 72 44. This comprised time of sawing, exposure to drying and 
carbonation as weil as re-saturation by pure water or by 3% NaCL The freeze-thaw testing 
proceeded with the same two types ofliquid as freezing medium on the top surface. 

The weight of the specimens was recorded during the pre-treatment and at the end of the 
testing procedure. For series with low scaling, the mass and the moisture of the scaled 
material were taken into account. It was not considered relevant to include series with 
substantiai scaling or frequent need for refilling of freezing medium. Consequently, for the 
short description given here, only a few series are included. 

Scaling and ultrasonic pulse velocity was recorded at the normal intervaIs. However, some 
series had to be rejected before 56 cycles due to damage and/or frequent need for maintenance 
or re-filling, which disturbed the significance level of the series. 
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2.2 Material 
The two series incIuded in this paper are : 

Table J. Key properties of the eonerete mix design. 

Parameter Mix l Mix 2 
w/c-ratio 0,55 0,70 
Air con tent 4 % Natural (No ABA) 

Both mixes contained a CEM I 42,5 R cement and a very good frost resistant aggregate. 

2.3 Curing regi mes 
Main data are given below : 
• Standard Curing : Water curing until 7 days, then in controlled air c1imate with sawing at 

21 days. Preparation at age 22-24 days. 
• Modified Standard Curing: As above, but sawing already at 7 days. 
• Plastic Curing : Stored in solid plastic bags until time for re-saturation. 
• Intensive Drying (in some cases) : Like standard curing until sawing at 21 days, then 

subjected to 40 DC, with controIled "evaporation rate potential" (evaporation from a 
defined water surface). 

Re-saturation by water or 3% NaCI. Start of freeze-thaw with water or 3% NaCI at 28 days 
(not 31 days) for all series. 

3 RESUL TS AND DISCUSSION 

3.1 Absorption during freeze-thaw 
The dependence of absorption on the preceding weight loss due to drying has been dealt with 
elsewhere and is not further commented on here. Fig.l displays equal absorption when tested 
with water or 3% NaCI. The scaling, of coarse, was different, but at alevei which did not 
disturb the results. Fig. 2 contains values coinciding with the hypothesis described. 

Freeze-Thaw Testing in 3% Salt or Pure Water : 

Weight 
Change [%] 

M oisture Absorbtion. 

3 

2 

o 

·1 

CEM I; w/c=O,55, 4% Air, Standard Curing 
Tested in 3% Salt (Solid Line) and Water. 

[Stage/Nos. of Cycles] 

Figure 1. Identical absOIptioI! whel! tested with wafer or 3% NaCI. 

so = 0,06 
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Freeze-Thaw Testing in 3% Salt or Pure Water: 

Weight 
Change [%] 

M oisture Absorbtion. 

3 

2 ICEM I; w/c=O,55, 4% Air, Plastic Curing 1_ 

ITested in 3% Salt (Solid Line) and Water. 

~~D=O.ll 
~ ... - - 'SO=0,09 

o 
-x -3 42/56 

-1 

[Stage/N os. of Cycles] 

Figure 2_ Slightly higher absorptioll with 3% NaCl testing when cured il! plastic. 

3.2 Testing in water ; different re-saturation 
A relevant question would be whether re-saturation with water or 3% NaCl, respectively, 
results in systematically different patterns. Figs. 3 and 4 display different results for the two 
mix designs. A eloser investigation shows various results depending on the curing regi me. In 
fact, this tended to coincide with larger scatter (see SD in the figures). 

Weight 
Change [%] 

3 

Freeze-Thaw Testing in Water: 
M oisture Absorbtion. 

2 CEM I; w/c=O,55, 4% Air, Standard Curing 
Resat. in Water (Solid Line) and 3% Salt 

so = 0,12 

o 

... _~.-/------
~SO=O'll 

-~~-----_"11-~_ o 42/56 

-1 

[Stage/Nos. of Cycles] 

Figw'e 3. Tested in waler, re-saturated by wafer caused larger absorption. 
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Freeze-Thaw Testing in Water: 
Moisture Absorbtion. 

2 CEM I ; w/c=O,70, Nat. Air, Standard Curing ________ so = 0,2: _ 

Resat. in Water (Solid Line) and 3% Salt # 

so = 0,15 

1 

o 
-3 42156 

-1 

[Stage/Nos. of Cycles] 

Figltre 4. Increased absorption when re-sa/urated by 3% NaCl- the opposite of Fig. 3. 

3.3 Absorption and relation to deterioration 
When tested in water, the scaling is normally quite low. Il is difficult to achieve adequate 
scaling levels and still be able to differentiate. The differences are insignificant. The UPV 
results on the other hand show distinct results. The relative velocity starts to drop, for Mix 
No. 2, around 14 cycles. It has been shown by non published material within the project 

UPV 
[Rel. Value] 

100 

Freeze-Thaw Testing in Water: 
Ultrasonic Pulse Velocity 

Resaturation 
byWater -~ 

~;;~==~;;==~--~~'-~~=-------~ t IGEM I; w/c=O,70, Nal. Air, I ResaturaUon 

75 

50 HStandard Guringl---~~~~-bY3% Salt -

25 
o 14 28 42 56 

[Nos. of Cycles] 

Figure 5 : UPV IlIeasurements peiformed on SS 13 72 42 specimens provide dislinet data_ 

that a pattern of eraeks oeeurs throughout the specimen in such cases, even if the scaling 
remains very low. For comparison, UPV has been plotted together with the accumulated and 
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"differentiated" scaling in Fig. 6. This illustrates very weIl the statistical correlation of the 
weakening of the structure and the reduced attack on the surface. 

Freeze-Thaw Testing in Water: 

UPV 
UPV vs. Scaling Activity Scaling 

[Re!. Value] 
[kglm2] 

100 

CEM I ; w!c=O,70, Nat. Air, 
Standard Curing, 
Resat. 3% Salt. 

50 

25 

o 7 

_ . Acc. Scaling 

• " •• •• SpaI./Cycle x 10 

14 28 42 56 

[Nos. of Cycles] 

Figure 6. The UPV drop coincides with the reduced scaling activity. 

0,50 

0,40 

0,30 

0,20 

0,10 

0,00 

The practical implementation of this phenomenon for laboratory testing is probably that the 
intemal cracking intensity anives at a stage where it is difficult to maintain the prescribed 3 
mm thick testing medium at the top surface, due to percolation. Sealing of the specimens' 
lateral sides and bottom will only introduce a dimension dependent parameter, which hardly is 
relevant to in-situ service life conditions. 

However, most probably - but not yet proven - the progressive damage will depend on the 
amount of liquid available at this stage. Hence, the frequency of maintaining 3 mm testing 
liquid may directly influence the acceleration of the deterioration. Though - this may also 
remain an academic question ..... 

4 CONCLUSIONS 

The results tend to confirm that moisture absorption increase when tested according to SS 13 
72 44 in 3% NaCl, compared to testing in pure water, but the results are not significant in all 
cases. 

A tendency of reduced absorption and scaling when re-saturated by 3% NaCI (and tested in 
the latter) was confirmed. 

When testing in water, the effect of type of re-saturation is still of some significance to the 
scaling leve!. However, the scaling seems to be directly limited to the time of percolation of 
the testing medium. The existence of local defects may controI the progression and is more 
easily detectable by UPV, which drops significantly at this stage. 
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Detecting FreezelThaw Cracking in Concrete Slabs by Using Ultrasonic 
Pulse Velocity Methods 

L. Tangl ), D. Bagerl, S. Jacobsen3) and H. Kukk04) 

1 INTRODUCTION 

lt is weil known that freeze/thaw action can result in two types of frost damage in concrete 
structures: l) surface damage (scaling) and 2) intemal damage (cracking). In the Nordic 
countries, owing to their long coastlines and the extensive use of de-icing salts in the winter 
periods, great efforts have been made in developing methods for testing the resistance of 
concrete to both these types of frost attack. The Swedish standard SS 13 72 44 for scaling (1), 
the Finish standard SFS 5448 for dilation (2) and the measurement for critical degree of 
saturation (3) are some exarnples. Owing to its simplicity and inexpensive test equipment, the 
Swedish standard SS 13 72 44, also called the slab test, has found a wide application in the 
Nordic countries and also in some other countries for differentiating concrete qualities with 
respect to salt scaling resistance. The method is a draft RILEM recommendation (4). The 
important character of the slab test is that the test conditions (one-dimensional freeze/thaw 
and slow cooling rate) are elose to real c1imate conditions. Experience from the past ten years 
shows that the slab test works very well in practical applications (5). 

In the slab test only scaling measurement is involved. With the development of high 
performance concrete with low water-cement ratios, it has been found that very good 
freeze/thaw scaling resistance can be obtained even without entraining air bubbles in concrete 
(6). High freeze/thaw scaling resistance, however, does not rnean no freeze/thaw cracking 
(intemal damage). In order to ensure a durable structure, the resistance to freeze/thaw cracking 
should also be examined. 

There are different methods to detect the intemal cracking. A method commonly used in 
North America is ASTM C 666. In this method, however, the test conditions (three­
dimensional freeze/thaw and rapid cooling rate) are far away from the reality. Besides, the 
method needs expensive equipment and big specimens. 

A simple way to detect the intemal damage in a material is to monitor the ultrasonic pulse 
velocity (UPV) across the specimen, although it is less sensitive than resonance frequency (6). 
It is readily possible to introduce the UPV measurement into the slab test to examine the 
intemal cracking, because the one-dimensional freeze/thaw condition in this test gives the 
chance to measure UPV on the unexposed surfaces of the specimen. 
In order to evaluate this ultrasonic rnethod so as to find a practically applicable test procedure 
for detecting the freeze/thaw cracking in concrete, a Nordtest proj ect was carried out in four of 
the Nordic countries. This paper presents some of the results from this project. The detailed 
report of the project is available elsewhere (7). 

l) SP Swedish National Testing and Research Institute, Borås, Sweden 
2) Cement and Concrete Laboratory, Aalborg Portland AlS, Aalborg, Demnark 
3) Norwegian Building Research Institute, Oslo, Norway 
4) VTT Building Technology, Finland 
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2 SPECIMEN MANUFACTURE 

2.1 Concreting 
The mixture proportions and physical properties of concrete used in this study are listed in 
Table 1. 

All the concrete specimens were produced at SP in Sweden. Each concrete was mixed in 
one batch by using a 250-liter paddle mixer. The concrete cubes of size ISO mm were east in 
steel molds. The molds with the fresh concrete were covered with thick plastic films to 
prevent evaporation from the concrete surface. One day after casting the cubes were demolded 
and cured in water until the age 7 days, and then stored at 20°C and about 6S%RH until the 
2l-day age for sawing for specimens. Three cubes of each mixture were continuously stored 
until the age 28 days for testing compressive strength. 

Table I. Gonerete mixture proportions and physieal properties. 

MixtureI Mixture II MixtureIII 

Cement typ e Sulfate resistant portland cement (CEM I 42.5R) 

Cement content, kg/m' SOO 375 285 

Water-cement ratio 0.32 0.50 0.70 

Aggregate, 0-8 mm, kg/m' 839 910 1041 

Aggregate, 8-16 mm, kg/m' 946 840 818 

Water reducer: Naphthalene based None None 

Dose, wt% of cement 0.017 

Air entraining agent: None Tall-oil derivative None 

Dose, wt% of cement 0.007 

Air content, vol% of concrete 1.2 3.4 1.1 

Slump, mm 140 70 6S 

Cube strength at 28 d, MPa 105.1 ± 1.2 S1.0 ± 1.5 33.6 ± 2.6 

2.2 Specimens 
At the age 21 days, two slab specimens ofsize lS0xlSOxSO mm were sawn from each of the 
concrete cubes. The sawing direction is illustrated in Fig. 1. Directly after sawing, the 
specimens were washed with water and the excess water on the surfaces of the specimen was 
wiped off with a moist sponge. The specimens were then retumed to the climate chamber of 
20°C and 65%RH for ovemight. On the next day the specimens were separately sealed in 
plastic bags and were assorted for four laboratories. The assorted specimens were then 
packaged and transported in frost-free container (temperature above O 0c) to different 
laboratories. 
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Figure l. Illustration/or sawing o/slab specimensji'om a eonerete cube. 

2.3 Preconditioning 
After receipt, the package containing specimens was kept unopened at each laboratory until a 
specified age. At the age 28 days, all the specimens were taken out ofthe plastic bags and 
placed in a c1imate chamber of 20°C and 65%RH for preconditioning according to the 
standard SS 13 72 44. Non-absorptive solid rubber sheet of 1.5 ± 0.5 mm thick was used to 
seal the non-freeze surfaces of the specimen. Demineralized water was used for pre-wetting 
the test surface of a specimen. After preconditioning the UPV measurement was conducted for 
the initial UPV values. 

2.4 Freeze/thaw cycles 
After preconditioning, the specimens were subjected to freeze/thaw cyc1es according to the 
standard procedure described in SS 13 72 44, but after each collection of the scaled material 
the weight of each specimen was determined and the UPV measurement was conducted. F or 
Mixtures I and Il the 3% NaCl solution was used as asurface liquid, while for Mixture ID the 
demineralized water was used as asurface liquid. 

3 MEASUREMENT METHODS 

The scaling measurement after specified freeze/thaw cycles, i.e. 7, 14, 28,42, 56, 70, 84, 98 
and 112 cyc1es in this study, was carried out in accordance with the Swedish standard SS 13 
72 44. After the scaling measurement, the weight of the whole slab specimen inc1uding the 
glued rubb er was measured under the saturated surface dry condition, that is, the excess water 
should be wiped away with a moist sponge or similar material prior to weighing. The UPV 
was measured halfway along the side surfaces of a slab specimen at the positions as shown in 
Fig. 2. Two readings from two paralIei positions, 50 mm apart, were made for each 
measurement. Three different types oftransducers, conic 54 kHz, standard (cylindrical) 54 
kHz and 150 kHz, were used for UPV measurement. 

In this study some extra specimens were used for destructive measurements such as 
strength, degree of capiIlary saturation, porosity, etc., after the specified number of 
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freeze/thaw cycles. The detailed procedures for these destructive measurements were 
described elsewhere (7). 

transducer 

I----~ 

, , 
1-.- _._' 

" 
" , 

hole ~8-1 o mm 

'l , , ,- -- ~ 

, , 
1- ___ I 

against rubber 

against concrete 

concrete slab 

rubber sheet 

Figure 2. Placement of the transdllce/'s in a UPV measuremenl. 

4 TEST RESULTS AND DlSCUSSIONS 

4.1 Freeze/thaw scaling 
The results of average accumulative scaling after different freeze/thaw cycles are shown in 
Fig. 3. Concrete Mixture I reveals significant scaling damage even though its W/C is as low as 
0.32. Concrete Mixtures II and III show very low scaling, either due to good air pore system 
(Mixture II) or due to the absence of salt solution in the frost test (Mixture III). 

4.2 Water uptake 
The results of water uptake are slunmarized in Fig. 4. It can be seen that all types of concrete 
take up water during the frost test. An interesting thing is that the dense concrete (Mixture I) 
takes up the largest amount ofwater. Similar fmdings were also observed by Jacobsen (6). It 
can be noticed that the greatest increment in water uptake for Mixture I occurred between 14 
and 28 freeze/thaw cycles, similar to the reduction in UPV as will be seen later. 

Another important observation is that the concrete without internai damage (Mixture II) 
takes up even more water than Mixture III (with internal damage). Consequently, it seems as 
if the measurement ofwater uptake alone cannot indicate whether there is internal damage. 
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Figure 3. Res~tltsfi·om scalillg measurement. 
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Figure 4. Reslllts ofwater llptake. 

4.3 Degree of capillary saturation and porosity 
The measured degree of capillary saturation and porosity are shown in Figs. 5 and 6. It can be 
seen that most of the capiIlary pores in concrete Mixture III were already filled with water at 
the start of the frost test, and that the changes in the degree of capiIlary saturation throughout 
the period of freezing and thawing are not so significant. 
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Figure 5. Measl/red degree of capillary satl/ration. 
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Figure 6. Measured capillary porosity. 
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The initial degree of capiIlary saturation in concrete Mixture I was very low at the start of the 
test, indicating that the pre-wetting procedure is not sufficient to saturate the whole specimen, 
presumably due to a disconnected pore system. It increased dramatically between 14 and 28 
freeze/thaw cycles, in accordance with its water uptake (see Fig. 4). This is an indication of 
interconnection within the pore system, so that the water outside could flow into inner 
capillaries and/or air voids. 
The degree of capillary saturation in concrete Mixture Il gradually increased with the number 
of freeze/thaw cycles. A low initial degree of capillary saturation for this mixture may be 
explained by the insulating effect of air pores on the capillary pore system. During the 
freeze/thaw cycles, the water may be further transferred into the inner capillaries. 
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The porosity of concrete Mixtures I and III increased with freeze/thaw cyc1es, indicating 
that cracldng has happened in these types of non-air entrained eonerete. The fluctuation in 
porosity of concrete Mixture II might be attributed to the inaccuracy of porosity measurement. 

4.4 Compressive strength 
The results of compressive strength are summarized in Fig. 7. It was found that the 
compressive strength for concrete Mixtures I and III were significantly reduced after the frost 
test, indicating that substantial internal damage had occurred in these concrete specimens, but 
not in the air-entrained concrete (Mixture II). 

0.8 - - - - - - - - - - - - - - - - - - - - - . - - - --

0.7 - ~ - - - - - - - - - - - - - - - - - - - - - - --...._---+ 
0.6 .I-----t---_+_----l-~-+---_-_;_--_+_-__l 

14 28 42 56 70 84 98 112 

Freeze/thaw eyeles 

Figure 7. Changes in compressive st,-ength. 

4.5 Changes in UPV 

~Mixture I 

-e-Mlxture II 

-+-Mixture III 

The results of the initial and relative UPV measured by using different transducers are 
summarized in Table 2 and Figs. 8 to 11. It can be seen from Table 2 that the absolute values 
ofUPV measured from different laboratories vary very much, probably owing to different 
types of equipment, different calibrations and different operators. Nevertheless, only the 
relative valnes could be used for comparison. It can be seen that, no matter what type of 
transducers was used, the significant changes in UPV for Mixture III have been detected, 
implying severe internaI damage. 
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Table 2. Summmy of the measured UPV in km/s. 

Type of transdueers Conie 54kHz Conie 54kHz Std. 54 kHz Std. 150 kHz 

Measurement surfaces Conerete Rubber Rubber Rubber 

L.b 1 3.0 2.8 3.8 

Mixture I L.b2 4.4 3.0 -
Lab 3 - 4.4 

Lab4 3.1 3.1 4.1 

Lob 1 2.9 2.7 3.6 

Mixture II L.b2 4.1 2.9 -
L.b 3 - - 4.1 

L.b4 3.0 2.9 3.7 

L.b l 2.8 2.7 3.5 

Mixture 1lI Lab 2 4.1 2.9 -

> 
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2.9 2.9 

Summary of UPV Measurement 
Transducer: Conic 54 kHz, on the concrete 
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Figure 8. Changes in UPV, using eonie 54 kHz transducers on the eonerete su!faees. 
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Summary of UPV Measurement 
Transducer: Conic 54 kHz, on the rubber 
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Figure 9. Changes in UPV. using conic 54 kHz transdueers on the rubber sUlfaees. 

Summary of UPV Measuremenl 
Transducer: Sid. 54 kHz, on the rubber 
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Figure 10. Changes in UPV. using standard 54 kHz transdueers on the rubber sUlfaees. 
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Summary of UPV Measurement 
Transducer: SId. 150 kHz. on the rubbar 
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Figure 11. Changes in UPV, !/Sing standard 150 kHz transducers on the rubber suifaces. 

When using 150 kHz transducers the changes in UPV for Mixture I seem similar to those for 
Mixture m, but the measurement deviation is very large, as will be shown later in Fig. 14. 

When using the 54 kHz transducers, the reduction in UPV for Mixture I does not seem to 
be very large (onlyabout 10 %), but almost the entire 10 % reduction occurred between 14 
and 28 freeze/thaw cycles. The UPV measurements from three different laboratorles showed 
similar results as shown in Fig. 12, that is, the drop in UPV occurs between 14 and 28 cycles. 
This is in accordance with changes in other parameters, such as water uptake (Fig. 4), degree 
of capillary saturation (Fig. 5) and compressive strength (Fig. 7). Something must have 
happened at this stage offreezing and thawing. From the petrographic photograph shown in 
Fig. 13, it can be seen that the porous transition zones or cracks around the aggregates have 
been connected by very fine cracks crossing the paste between aggregate particles. Although 
these fine cracks might result in only a slight change in pore volume or in UPV, they function 
as connective channe1s for the water outside to be transferred into pores, cracks, voids and/or 
transition zones around aggregates, resulting in substantial water uptake as shown in Fig. 4. 
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Mixture I, WIC 0.32, without entrained air 
Cooling agent: 3% NaCI solution 

Transducer: Conie 54 kHz, on the concrete 

0.85 L-~_t-______ t-_--__ ~-+-~---<---4 
14 28 42 56 70 84 98 112 

Freeze/thaw eyeles 

-<>-Lab 1 

-a-Lab 2 

.-x- Lab 4 

Figt,re 12. C1wnges in UPV for dense eonerete measured from different laboratories. 

Figure 13. Many fine cracks in Mixture I afler 112 freeze/thaw cycles (negative photo). 
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5 REPEATABILITY AND REPRODUCmILITY OF UPV MEASUREMENTS 

In this study, the standard procedure ISO 5725 (8) was employed for determining repeatability 
and reproducibility ofUPV measurements. Owing to the page limitation, only Mandel's k­
statistic diagram is shown in Fig. 14. It can be seen that, in genera!, the conic transducers give 
better repeatability and reproducibility than the standard transducers. It should be noticed that 
the analysis for the 150 kHz transducers was based on the data from only two laboratories. 
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Figure 14. Mandel 's kostatistic diagram according to ISO 5725. 

6 CONCLUSIONS 

UPV measurement can easily be employed in the slab test and can indeed detect the interna! 
damage in concrete caused by freezing and thawing attack, especially for poor eonerete. 

All the four laboratories engaged in this project give the same judgment from their UPV 
measurement, that is, cracking has occurred in Mixture I ( dense concrete) and Mixture III 
(poor concrete), but not in Mixture II (airoentrained concrete). 

Conic transducers give better repeatability and reproducibility than standard cylindrica! 
transducers. High frequency transducers seem more sensitive to detecting the internai damage, 
but further investigation is needed to confinn this. 

For dense concrete, a little sudden decrease in UPV may imply a big drop in strength. If 
significant internai damage is suspected some auxiliary measurements may be necessary to 
ensure the judgment from the UPV measurement. This could be achieved by monitoring the 
water absorption or testing the final strength after terminating the freeze/thaw test. 
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FROST INDUCED TRANSPORT OF SALTS IN CONCRETE 

Marianne Tange Jepsen, M.Sc., Ph.D.-student 
Concrete Centre, Danish Technological Institute 
Gregersensvej, P.O. Box 141, DK-2630 Taastrup, Denmark 
E-mail: marianne.t.jepsen@teknologisk.dk 

1 INTRODUCTION 
Concrete, whieh contains Portland cement in the binder phase, has been used as a construction 
material for more than 100 years. During this period of time, the concrete has undergone a 
development, so the concrete of today differs in many ways from the concrete of yesterday 
e.g. the concrete used at the tum of the century. Today, concrete is produced with lifetimes 
expected to last up to 100 years even for heavily exposed structures, but the durability eannot 
be proved sufficiently through experienee, because experience with the actual material 
through such a large number of years is not available. It is neeessary to base the estimatian of 
a structure's service life on models, and then the frost resistance is an essentiaI but very 
uncertain faetor. 

2 THE STARTING POINT OF A PH.D. PROJECT 
Today's models for development of frost damage in concrete is based on the assumption that 
frost action initiates a pressure build up in the pore solution of the concrete. Roughly spoken, 
almost all the models are variations ofthree different mechanisms ([1], [2]): 

• Closed container mechanism. Water expands, when it is transformed into ice (about 
9%). If the volume expansion is hindered e.g. in a closed container, a static pore 
pressure will develop. 
Hydraulic pressure. During the transformation of water to ice, non-frozen water is 
expelled from the transformation zone to air filled voids and surfaces. This water flow 
causes a hydraulic pressure in the pores. 

• Microscopic ice lens growth. At any given temperature, freezing initiates in the 
capillaries and then occurs in a minor scale in the gel vo ids. This means that the ice in 
the lager voids gets a lower Gibb's free energy than the water in the gel voids. Pore 
solution is drawn from the gel voids to the capillaries, where it is possible for the ice 
lens growth to continue until a new thermodynamic equilibrium is established. 

The first two mechanisms mentioned deal with physicallmechanical processes, while only the 
microscopic ice lens growth originates from basic thermodynamic premises of ice formation. 

The damaging mechanisms described above can take place in pure, free water - an 
idealised assumption of ten used. In reality, the pore solution contains a number of salts, both 
salts released during the cement hydratian (e.g. Na20, K20 and Ca(OH)2) and salts suppIied 
from the surroundings, for instance de-icing chemicals (e.g. NaCl and CaClz). The conditions 
are ftlrther complicated because the freezing process takes place in a material where not only 
free water but also severaI different water phases are present. 

The basic idea of this Ph.D. project is to investigate from a thermodynamic point of view 
the interaction of the presence of salts and the ice formation. On one hand the concentration of 
salts has an effect on the ice formation, on the other hand the ice formation has an influence 
on the transport of salts in the eonerete. The project consists of two parts. The first part is 
predominantly scientific, whereas the last part to alarger extent focuses on application. 
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3 SCIENTIFIC AlMS 
The scientific aims of the project are to investigate: 

• the dynamic and statistic characteristics of the ice formation in hardened cement paste 
the movements of salts and salt concentration profiles in cement bound materials placed 
in asaline environment and exposed to cyclic freeze/thaw load. 

• the thermodynamic phase equilibriums, which appear when ice is formed in asaline 
pore solution in a porous system. 

The investigations will be based on studies of literature, theoretical analyses, and laboratory 
testing. When the salt concentration of a liquid is altered, the freezing point of the liquid is 
altered too, and one of the hypotheses is that this under certain conditions may provoke a 
"sequential freezing" where non-frozen zones with a high local concentration of salts are 
trapp ed between frozen zones. If an unfrozen zone freezes later on (e.g. because the 
temperature is lowered) the conditions of freezing in the zone will be equal to those of a 
c10sed container. 

In order to present the problems in question as clearly as possible, the scientific work will 
be carried out on cement paste, which is a much less complex system than concrete (Le. no 
aggregates and no interfacial transition zones). 

3.1 CTS - a new experimental technique 
An experimental examination of the subject requires that the distribution of salts and moisture 
in the cement paste can be determined and the ice formation mapped, so these parameters can 
be compared. Methods to determine water contents (chemically bounded, adsorbed and free 
capilIary water) and salt profiles are weIl known. But a new method is needed to foIlow the 
formation of ice in a specimen exposed to a frost attack. It is expected that such a method can 
be based on a principle of Continuous Temperature Scanning (CTS). When water is 
transformed into ice, it releases energy (heat of fusion) and in a super-cooled pore solution a 
loeal heating will occur. By continuous registration of the temperature profile in a test 
specimen exposed to frost load it is possible to trace the heat release or, which is the same, 
when and where ice is formed. The method is described in [3]. 

At present time, equipment for CTS measurements is being developed, see figure 1. 

Figure J. Test specimen and equipmentfor CTS measurements. 
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3.2 Computer simulation 
A computer program is to be developed for numerical simulations of the freezing process in 
hardened cement paste exposed to frost load. It is basically a matter of translating relevant 
models from the theoretical analysis into algorithms. Thus this numerical tool will be based 
on simple models of diffusion of adsorbed water to the ice front, probability of the first ice 
formation, release of heat of fusion during transformation, and depression of freezing point 
cause d by the presence of salt. 

Results obtained by numerical simulations will be compared with results from the 
experimental investigation of cement paste in order to verify the computer program. The 
numerical simulations can by no means replace the experimental investigation, but the 
numerical simulations are particularly well qualified to estimate the sensitivity of the different 
processes to changing conditions and to the element of randomness due to the seeding. 

4 AlMS OF APPLICATION 
In the last part of the project the aim is to transfer experiences gained with cement paste to 
concrete, and therefore experimental work of course will be carried out on concrete samples. 
During this part of the project an investigation will be made into the influence of some 
selected parameters of the mix design on the frost resistance. The reason for this investigation 
is not only to make an intensive study of a celiain mix parameter. This investigation is also 
intended to be a case study, which for ex ample enables a comparison of measurements 
obtained by different test methods. 

4.1 Comparison of test methods 
The eTS equipment employed during the scientific part of the project is limited to 
measurements on hardened cement paste. The eTS measuring technique will be modified, so 
it can be applied to investigations of the freeze process in hardened concrete, which is 
exposed to frost action. 

Besides the eTS measurements, air void analysis and traditional frost tests according to the 
existing standards will be carried out. The aim is to improve the relation between the 
durability of a concrete stmcture and results of laboratory testing. This can either be in the 
shape of a better theoretical background for the interpretations of the test results or the 
introduction of the eTS method, which offers further details in addition to test results of 
traditional methods. 

4.2 Documentation of frost resistance 
The conclusion of the utility-oriented part of the project will be a propos al of a procedure of 
practical use for testing, which focuses on the deterioration mechanisms that have been 
demonstrated during the project. 

5 CONCLUDING REMARKS 
New knowledge about the physical/chemical mechanisms in the concrete such as frost 
induced salt movements can be used when working out specifications of eonerete. For 
instance today, there are rather rigid demands to the air conten! of concrete in structures 
exposed to frost [4]. A better understanding of the factors determining the frost resistance will 
make it possible to put up more sophisticated requirements and optimise the concrete mix 
design in order to get concrete types that are just exactly frost resistant. A specific case, where 
new knowledge can be implemented, is for the evaluation of the durability of the so-called 
green concretes, since the requirements of standards based on experience with conventionaI 
concrete might not be sufficient. 
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ABSTRACT 

This paper presents results from an investigation of the salt-frost resistance of concrete in a 
highway environment. Over 100 concrete qualities, produced with different types of binders, 
varying waterlbinder ratios and air contents, have been exposed to an aggressive highway en­
vironment at a field test site located on highway RV 40, between Borås and Gothenburg, for 
three winter seasons. The results show that several qualities are severely damaged after only 
three winter seasons. Most of these qualities have a high water/binder ratio and low air con­
tent. A comparison between results from testing the salt-frost resistance in accordance with 
SS 13 72 44 (the slab test) and the results from the field test site shows that, in most cases, the 
slab test estimates the salt scaling resistance correctly. Two qualities containing slag and one 
containing silica fume as part of the binder show differences between laboratory and field 
results. The test method probably needs to be modified in order correctly to be able to esti­
mate the salt-frost resistance for new qualities of concrete, especially when high contents of 
slag is used. More research is needed in this field. 

INTRODUCTION 

The salt-frost resistance of concrete is normally estimated in the laboratory by freeze/thaw test 
methods such as SS 13 72 44, the slab test. These test methods have been developed primar­
ily on the basis of experienee of concrete made with Ordinary Portland Cement and pure air 
entraining agents. When new types of concrete are produced - for example, with new binder 
types, filler material, new types of admixtures etc. - we do not know if the freeze/thaw test 
methods are relevant for testing the salt-frost resistance. More knowledge and experience of 
the salt-frost resistance of these new concrete qualities are needed. 
One way to gain experience of the salt-frost resistance of concrete is to expose concrete 
specimens to a representative outdoor environment, such as an aggressive, saline highway 
environment. Such an investigation of the salt-frost resistance of different concrete qualities 
was started in 1996. In collaboration with the Swedish Road Administration, a field test site 
was built near Borås on highway RV 40, between Borås and Gothenburg. A large number of 
concrete qualities with different binder typeslcombinations, varying waterJbinder ratios and air 
contents were produced and placed at the field test site. Af ter each winter season, measure­
ments of the volume change and ultrasonic transmission time are carried out on each speci­
men in the laboratory. 
The compressive strength and salt-frost resistance of all concrete qualities were tested in the 
laboratory, in accordance with normallaboratory standards, one month af ter casting. Results 
from the laboratory tests and the measurements on the specimens exposed at the field test site 
provide important knowledge of salt-frost resistance in terms of the correlation between re­
sults from the test methods used and the real outdoor environment. 
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This paper presents results after three winter seasons. The results presented here are valid 
only for the actual materials and material combinations tested. Other constituents and other 
combinations may lead to other results. 

MATERIALS AND SPECIMENS 

Nine different binder types/combinations were studied in this investigation: see Table l. For 
chemical analyses, see [1]. 

Table 1. Binder types/combinations investigated 

Binder typelcombination Comments 

1 Degerhamn std. 'Civil engineering cement' Low alkali, sulphur resistant 

2 Slite std. 

3 Degerhamn std. + S % silica Silica in the form of slurry 

4 PK-cement Portland cement with limestone filler 

S Finnish std. Finnish Portland cement with some slag 

6 Degerhamn std. + 30 % slag Ground-blast fumace slag added in the mixer 

7 CEMIIIIB Dutch slag cement 70% slag 

8 Finnish rapid Finnish rapid hardening cement 

9 FinnishSRPC Finnish, sulphur resistant cement 

15 concrete qualities were produced for all binder types/combinations, except binder types 8 
and 9 where only 4 qualities were tested. Three different air contents (4.5%, 3% and 'natural' 
air), and five different water/binder(w/b) ratios (0.30, 0.35, 0.40, 0.50, 0.75), were used. 0-8 
mm natural and 8-16 mm crushed aggregate were used for all concrete qualities. A naphtha­
lene-based plasticizer, Me1crete, was used for qualities with w/b-ratio of 0.40 and lower. The 
air-entraining agent used, L 16, is a tall-oH derivative. 

All concrete batches were produced in the autumn of 1996 and placed at the field test site at 
ages of between two and four months. Two specimens (half 150 mm cubes) of each quality 
were placed in steel frames close to the traffic, see Figure 1. Figure 2 shows two severely 
damaged specimens. 



139 

Figure 1. Specimens in steel 
frame e10se to the traffic 

Figure 2. Severely damaged 
specimens 

TEST PROCEDURE 

The volumes and the ultrasonic pulse velocity through each specimen were measured before 
the specimens were placed at the field test site. These measurements have been repeated af ter 
each winter season. The volume measurements are carried out by measuring the weight of the 
specimens under water and surface-dry above water. The uItrasonic pulse velocity - or more 
exactIy, the uItrasonic pulse transmission time through the specimen - is measured on three 
locations on each specimen. 

The salt-frost resistance and the compressive strength were measured on specimens from each 
concrete quality at the standardised age as specified in SS 13 72 44 and SS 13 72 10. 

RESULTS 

Figures 3 - Il present the results from measurements of the volume change and the ultrasonic 
pulse transmission time for each concrete quaIity. Each figure shows the volume change and 
the transmission time for all qualities of each binder type/combination: 15 qualities for 
types/combinations 1-7 and 4 qualities fortypes 8 and 9. The volume changes are shown as 
the mean change for two specimens. The transmission times are presented as the mean value 
of results for two specimens, with three measurements on each specimen. Some qualities with 
significant changes in volume and/or transmission time are marked in the figures. 
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Figure 3. Concrete quaIity 1 "Degerharnn std". Volume change and transmission time. 



o 

C 
" 

........ ....... 
C> 
c: 

'" 
0.75 natural air ...... '" 

.c: -s 
" " E 
.2 
o 
> 

-10 

O 1 2 
Number of winter seasons 

.... 

3 

140 

60~----------------------_, 

SO 
0.75 natural air 

U) 40 
g30~~~~~~~--~~-~-~-~-~ 

<I> 

~ 20 

10 

O+----~----_I__---~ 

O 1 2 3 
Number of winter seasons 

Figure 4. Concrete quality 2 "Slite std". Volume change and transmission time. 
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Figure 5. Concrete quaIity 3 "Degerhamn + 5% silica". Volume change and transmission time. 
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Figure 6. Concrete quaIity 4 "PK-cement". Volume change and transmission time. 
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Figure 7. Concrete quality 5 "Finsk std.". Volume change and transmission time. 
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Figure 8. Concrete quaIity 6 "Degerhamn + 30% slag". Volume change and transmission time. 
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Figure 9. Concrete quality 7 "CEM IIIIB". Volume ch ange and transmission time. 
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Figure lO. Concrete quaIity 8 "Finsk rapid". Volume change and transmission time. 
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Figure 11. Concrete quality 9 "Finsk SRPC". Volume change and transmission time. 

Table 2 shows a comparison between results obtained in the laboratory when testing the salt­
frost resistanceaccording to to SS 13 72 44 with results from the field test site. Field and 
laboratory results are compared for those concrete qualities in figures 2-10 that showed the 
most damage, i.e. over about 1-2 % volume change af ter three years. The fourth column 

3 

3 
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indicates whether the results from the field agree with the results from the laboratory. A fre­
quently used criteria for a salt-frost resistant concrete when tested by the slab test is a maxi­
mum scaling of 1 kg/m' af ter 56 freeze/thaw cycles and a rate of scaling that is not accelerat­
ing. 

Table 2. Comparison between resuIts from the field and from the laboratory. 

Concrete quality Volume change after three SS 137244 Agreement 
winter seasons (%) 56 cycles kg/m' 

No.1 Degerhamn std. 
wlb-ratio 0.75, natural air -2.07 D (4.3 at 28c) Yes 

No.2 Slite std. 
wlb-ratio 0.75, natural air -7.05 D ~4.8 at 14c) Yes 

No.3 Degerhamn std. + 5% silica 
wlb-ratia 0.75, natural air -2.59 6.58 Yes 
wlb-ratia 0.75,4.5% air -2.19 0.2 No 

No.4 PK-cement 
wlb-ratia 0.75, natural air -22.6 D (7.5 at 14c) Yes 
w/b-ratia 0.75,3.0% air -1.52 11.1 Yes 
w/b-ratia 0.75, 4.5% air -1.76 5.26 Yes 

No.S Finnish std. 
wlb-ratio 0.75, natural air -24,8 D (4.9 at 14c) Yes 
wlb-ratio 0.75, 3.0% air -3.04 3.40 Yes 
wlb-ratio 0.75, 4.5% air -3,10 1.25 Yes 
w/b-ratio 0.35, natural air -4.05 4.06 Yes 

No.6 Degerhamn std. + 30% slag 
wlb-ratio 0.75, natural air -7.23 4.37 Yes 
wlb-ratio 0.75, 3.0% air -5,33 0.60 No 
wlb-ratio 0.75, 4.5% air -5,27 0.54 No 

No.7 CEMIIIIB 
w/b-ratio 0.75, natural air -17.4 6.89 Yes 
w/b-ratio 0.75,3.0% air -18.6 3.19 Yes 
w/b-ratio 0.75, 4.5% air -23,4 3.16 Yes 
w/b-ratia 0.50, 3.0% air -3,63 1.80 Yes 
w/b-ratia 0.50, 4.5% air -2,48 1.65 Yes 

No.S Finnish rapid 
wlb-ratia 0040, natural air -2.03 4.38 Yes 

No.9 Finnish SRPC 
wlb-ratia 0040, natural air -1.28 6.91 Yes 

D - Destroyed, end of test. 

DISCUSSION 

Same qualities exhibited considerable damage after three winter seasans. The majority of 
them have a high water/binder-ratio, and most have low air contents. II can be seen from 
Figures 3-11 that concrete qualities with same binder types exhibit more damage than others. 
Nos. 5 (Finnish std.), No. 6 (Degerhamn + 30% slag) and No. 7 (CEM IIIIB), for example, 
seem, according to the results in this investigation, to be less salt-frost resistant than most of 
the other binder typeslcombinations, at least for the damaged qualities. 
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Results from the ultrasonic pulse transmission time measurements show an increase in trans­
mission time for some qualities. An increase in transmission time is probably an indication of 
interior frost damage. lt is primarily concrete qualities with high waterlbinder-ratios and natu­
ral air con tents that show an increase in transmission time. Most qualities that show increased 
transmission time also show a loss of volume. Only two qualities showaiarge increase in 
transmission time and no significant loss of volume: in fact, these qualities actually show 
same increase in volume af ter three winter seasons. These qualities are those with binder type 
No. 3 (Degerhamn + 5% silica) with natural air content and waterlbinder-ratio 0.40 and 0.50. 
Concrete quaiity No. 3 (Degerhamn + 5% silica) seems to be the one that is most susceptible 
to intedor frost damage, at least for the damaged qualities. It has not been possible to measure 
the change of transmission time for specimens with very considerable damage (loss of vol­
ume). Same of these qualities would probably also show increased transmission times. 

The comparison between results obtained in the field with the results obtained in the labora­
tory shows that the laboratory test (SS 13 72 44 [the slab test]) is, in most cases, able to iden­
tify concrete qualities with poor salt-frost resistance. That is, when testing a concrete which 
has a poor salt-frost resistance, the scaling exceeds I kg/m2 after 56 freeze/thaw cycles. Three 
qualities, however, show considerable damage in the field but seem to be salt-frost resistant 
when tested in the laboratory: they are those with binder type/combination No. 3 (Degerhamn 
+ 5 % silica) with wlb-ratio of 0.75 and 4.5% air, and No. 6 (Degerhamn + 30 % slag) with 
wlb-ratio of 0.75 and 3.0 % air as weil as wlb-ratio of 0.75 and 4.5% air. It seems that the 
slab test fails to identify these qualities as susceptible to salt-frost damage. 

For the Degerhamn + 5 % silica concrete, the reas on for this can be that this particular quality 
might have some interior damage that may lead to surface scaling. The duration of the 
freeze/thaw test might be too short to detect this type of damage. A longer duration of the test 
or supplementary examination for interior damage, such as ultrasonic pulse velocity or length 
change measurements, might enable the freeze/thaw test to identify this quality as susceptible 
to frost damage. 

For quality No. 6 (Degerhamn + 30 % slag), the discrepancy between results from the labora­
tory and from the field might be explained by the observed negative effect that carbonation 
has on the salt-frost resistance of concrete containing large amounts of slag in the binder [2]. 
One possible explanation for the discrepancy might be that concrete tested by the slab test, has 
been exposed to air for only seven days, - that is, for only seven days of carbonatian - while 
the surface of a concrete in the field is being continuously carbonated. This results in a 
relatively limited scaling in the laboratory, but extensive damage in the field. To be able to 
correctly estimate the salt-frost resistance for these types of concrete it may be necessary to 
modify the slab test, e.g. by preconditioning the concrete specimens in different climates, one 
with normal air and one with increased CO2 content. Figure 12 below presents results for one 
concrete quaiity (No. 6 Degerhamn + 30 % slag with wlb-ratio 0.75 and 4.5% air) that was 
tested by the slab test af ter being preconditioned for one week in three different environments: 
I % CO2 by volume, a COrfree environment and normal air. 
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Figure 12. Scaling results from the slab test. Concrete with binder combination No. 6 Deger­
hamn + 30% slag with wfb-ratio 0.75 and 4.5% air, conditioned in different climates. 

It can be seen from the figure that the concrete conditioned in an environment with elevated 
CO2 content shows much higher scaling than specimens conditioned in normal air or air with­
out CO2. It can be seen from the appearance of the scaling curve for the concrete conditioned 
in elevated C02, that a layer, probably the carbonated skin, is scaled off during the first 28 
freeze/thaw cycles. Af ter that the rate of scaling slows and becomes comparable with the rate 
of scaling for the concrete specimens conditioned in normal air and air without CO2. 

For this type of concrete, preconditioning in an environment with l % CO2 by volume for one 
week seems to give more relevant scaling results than conventionai preconditioning in normal 
air when compared with the results from exposure in a aggressive highway environment. 

Other preconditioning climates and durations might be more suitable for estimating the salt­
frost resistance of other types of concrete qualities in the field. A proposal for how to modify 
the freeze/thaw standard in order to make it more 'general' and relevant for most concrete 
qualities is made in [3]. 

More experience about salt-frost resistance in the field and knowledge of the scaling mecha­
nisms are needed in order to be able to create a freeze/thaw testing method capable of separate 
good concrete qualities from bad in terms of salt-frost resistance. 

The results presented here are valid only for the actual concrete qualities tested. Other quali­
ties with other type of admixtures, material proportions, binder types/combinations etc. would 
probably give other results. 

CONCLUSIONS 

The following conclusions can be drawn after three years' exposure of over 100 different con­
crete qualities at a field test site on RV 40 outside Borås (saline highway environment): 

• Some qualities show considerable salt-frost damage. Most of these qualities have a high 
waterfbinder-ratio and a low air content. 

• Some qualities show an increased ultrasonic pulse transmission time, which probably indi­
cates interior frost damage. All of these qualities, except two with Degerhamn + 5 % silica 
(which show an increase in volume), also showaiarge loss of volume. 
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• Concrete qualities produced with binder types/combinations No. 5 (Finnish std.), No. 6 
(Degerharnn std. + 30 % slag) and No. 7 (CEM IIIIB) show somewhat higher salt-frost 
damage than do other types/combinations. 

• A comparison between results from the field investigation with scaling results from labo­
ratory test method SS 13 72 44 (the slab test) shows that, for most concrete qualities, the 
slab test can correctly identify qualities with poor salt-frost resistance. 

• Only three qualities suffer considerable damage in the field but are considered to be salt­
frost resistant when tested in the laboratory with the slab test. Two of these qualities have 
a binder combination of Degerhamn std. 30 % slag. One possible explanation for this dis­
crepancy might be the adverse effect of carbonation on the salt-frost resistance for qualities 
with a high slag content in the binder. 

• To be able to test new types of concrete qualities, more knowledge is needed and the ex­
isting test methods probably need to be modified: perhaps by changing the preconditioning 
procedure to suit the concrete quaIity tested. Concrete containing large amounts of slag 
can, for ex ample, be conditioned in climates with increased CO2 content. 
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PREDICTION OF SERVICE LIFE OF CONCRETE STRUCTURES 
WITH REGARD TO FROST ATTACK BY COMPUTER SIMULATION 

Erkki Vesikari, Lic.Tech. 
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PL 1805, 02044 VTT, Finland 

INTRODUCTION 
The importance of durability and service life has increased in today's structural design 
practice. This becomes evident e.g. from Eurocode l [I], where the durability and service life 
of structures are prominently emphasised and requirements for the design working life of 
structures are presented. 

The European draft standard for concrete strnctures prEN206 [2] takes the Eurocode l 
requirements for service life as a stepping stone for further refined provisions of durability 
design. It presents a table of limiting values for water cement ratio, cement content, 
compressive strength and air-content categorised to several exposure classes as an equivalent 
for 50 years design working life (for normal building strnctures). These values are informative 
and shall be re-examined on national bases taking into account the local climatic features. 
However the limiting values shalI be given corresponding to the design working life of at least 
50 years. 

There is no requirement for the air content for vertical strnctures in prEN206 (XFl). 
However, in Finland there has been an air content requirement of 4 % for facade concrete 
since the year 1976. In a vast microscopical research concerning facade concrete in Finland 
frost cracking was found in 57% of all cases of non-air-entrained concrete while no cracking 
was found in the cases of air-entrained concrete [3]. These observations support the prevailing 
practice of quaiity contral for frost resistance in Finland. For horizontal strnctures, such as 
balcony slabs, prEN206 presents an air content requirement of 4% (XF3). 

In this research the method for revision of the frost resistance requirements is computer 
simulation. By computer simulation the degradation of structures is emulated closely as it 
happens in natural conditions. This is important for degradation types like frost damage where 
the degradation is highly dependent on the occasional periods of rain, sunshine and other 
elements leading to very complex variation in the temperature and moisture content of the 
strncture. While the field and laboratory tests fail to fulfi1 the needs of service life prediction 
with an accuracy and speed required for today's practice, computer simulation gives an 
interesting new possibility. It is both quick and relatively accurate and is applicable in any 
environrnental conditions. However computer simulation requires a good theoretical 
background about materials, structures and calculation methods as weil as calibration of 
caIculations with field and laboratory test data. 

2 PREDICTION OF SERVICE LIFE BY COMPUTER SIMULA nON 

2.1 Basic principles 
Computer simulation refers to theoretical emulation of (1) climatic stresses (2) temperature 
and moisture variations in a cross-section of a concrete structure and (3) application of 
temperature and moisture sensitive degradation models so that the degradation in different 
parts of the structure can be predicted. The increment of time in the step-by-step calculation 
process is typically l hour. The total range of calculation covers typically 150 years [4, 5]. 
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The structure is assumed to be exposed to normal climatic stresses (including variation in 
temperature and relative humidity of the air, solar radiation, wind and rain). Both daily and 
seasonal changes are taken into account in the weather models which are based on long term 
statistics of the loeal climate. 

Thermal and moisture mechanical calculation methods are used in the determination of the 
temperature and moisture variations inside a structure. The structure may be either of slab 
type or of wall type. The dimensions and possible protective effect of the structure are taken 
into account. The surfaces of the structure may be exposed to all weathering stresses or 
protected from some of the stresses such as rain and radiation. The meteorological data 
comprise the boundary conditions in the mathematical problem, where inside temperatures 
and moisture contents are unknown. An interior climate may also be defined on one or both 
sides of the structure. 

The degradation of a structure is monitored with the help of mathematical degradation 
models of concrete and reinforcement. The model of frost attack is based on the theory of 
critical degree of saturation, i.e. degradation is assumed to be increased if freezing occurs 
while the critical degree of saturation is exceeded. The rate of surface scaling is also evaluated 
especially in a case where the structure is exposed to deicing chIorides. The model of 
corrosion of reinforcement consists of an initiation period and a propagation period. The 
initiation of corrosion is assumed to occur when either the carbonation or the critical chIoride 
content reaches the level of the reinforcement. After initiation the rate of corrosion depends on 
the temperature and moisture content of the concrete. The interaction of degradation factors is 
also considered. 

2.2 Detailed description on the frost resistance calculations 
Before any other calculations, the concrete is proportioned by the programme from initial data 
such as the nominal compressive strength, consistency of the fresh concrete, air content and 
the type of cement. As a result the contents of all mix ingredients are obtained. The changes in 
the porosity of concrete are followed during the hardening process. All the parameters of 
hardened concrete related to moisture and thermal transfer and degradation are given values 
on the basis of mix proportions and porosity. The formulae of these parameters were partly 
created specially for this work [6]. 

The cumulative volume distribution of the air pores was assumed to be of the following 
form: 

a(r)=ao .(_r )n, 
rmax 

(l) 

where 
a is the cumulative volume distribution of the air pores as a function of the pore radins 
ao air content of concrete (r < rm..) 

r pore radins 
rm", max pore radins (in this case 0.5 mm) and 
n, exponent controlling the form of distribution. 

The distribution is linear if the exponent n, is 1. It means that there is the same amount of air 
in all size classes of pores. If n, is smaller than 1 the relative volume of small pores is greater 
than that ofbig pores. Ifn, is greater than 1 the relative amount ofbig pore is greater than that 
of small pores. A pore analysis carried out for a limited number of concrete samples revealed 
that the value of n, may range from 1.3 to 0.7 having an average near 1 [6]. 

The moisture transfer in concrete is evaluated by a combined theory ofthree mechanisms: 
capillary suction, capillary water diffusion and water vapour diffusion. The theory of capillary 



149 

suction made it possible to evaluate also the filling of air pores with water. The folJowing 
formulae of parameters for moisture movements and degradation were applied in the 
caJculations. 

where 
k is 
Pcap 

~w 
8P 

\ 

Lr,crit 

k = 0.00016.P,ap 

D" =1.25·10-6·k 

op =01'0 ·(1+10'(11') with opo =1.35·10-' . D", 

0\ =1.10-11 m 2 j s 

Lr."iI = 0.4 mm 

capiIlary index of concrete, kg/(m2·--Js) 
capillary porosity of concrete, kg/m' 
capiIlary water diffusivity, m2/s 
diffusion coefficient ofwater vapour, kg/Cm s Pa) 
diffusion coefficient of air in cement paste, m2/s and 
critical spacing factor (corresponding to the critical moisture content), mm. 

(2) 

(3) 

(4) 

(5) 

(6) 

The degradation of concrete as a result of critical freezing events was assumed to take place 
according to the folJowing formula [7]: 

EN 
D=I-T=KN • (S-S,,") 

o m 
where 
D is degradation of concrete i.e. relative diminishing of the dynarnic E-modulus (O :: D :: 1) 
S degree of water saturation 
S'ri' critical degree of water saturation 
KN coefficient of degradation and 
N number of critical freezing events. 

Coefficient of degradation was determined from the formula: 

K N =A·Nl with A=34.8·w/c-7.6 

where wie is the watercement ratio of concrete. 

(8) 

As the water content of concrete changes with time equation 7 was applied in the 
calculations in the following form: 

D = ~:::CK, -KH ). (w, -W"") 
,Wwt (9) 

where 
is the critical freezing event in sequence 

K; coefficient of degradation at ith critical freezing event 
w; the water content of concrete during the ith critical freezing event 
w" the critical water content of concrete and 
w.o• the maximum water content of concrete (corresponding to the total porosity). 

The maximum allowable degradation of concrete, Dm,,' was 0.33. 
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3 CALCULATIONS 

3.1 Facade element 

3.1.1 Structural assumptions 
Calculations of the facade element were perfonned using the structural assumptions and the 
climatic stresses presented in Figure 1. There were 11 nodal points, thtee of which were in the 
outer panel of the sandwich element (points O - 2). Four points were in the inner panel (points 
7 - 10). Other nodal points were in the thennal insulation (glass wool) between the panels. 
There was no coating on the outer surface of the element but on the inner surface a paint was 
applied (not completely impenneable for water vapour). 

0.1 m O,15m 

OAm 

Irtaicr 
ro.iramli 
+2<'C 

Fig 1. The climatic stresses and nodal points ofthefacade element, 

The facade element was assumed to be placed on the southern wall of a building. The outer 
panel was burdened by variations in the temperature and the relative humidity of air, wind, 
solar radiation and driving rain. The building was assumed to be situated near Helsinlci 
airport, i.e. the long tenn climatic statistics of Helsinld airport were used in the weather 
mode1s. The purpose was to simulate the conditions ofXFl in prEN206. 

On the other side of the facade element an interior climate was assumed. The room 
temperature was +22 °C or max. 3 °C above the air temperature outside. An extra moisture 
content of 4 g/m3 was also assumed compared to the moisture content of the air outdoors. 

The nominal compressive strength of concrete ranged from 35 to 50 MPa (referred later as 
K35 and K50). The cement was Rapid (CEM II 42,5 R) and the maximum grain size of the 
aggregate was 16 mm. 
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3.1.2 Cracking criteria 
At this phase of the study the basic criteria was that no frost eraeking in concrete was allowed. 
Consequently the air requirements should be imposed so that no critical freezing events are 
possible during the lifetime of the structure. The critical freezing events are defined as 
moments of time when the critical degree of saturation is exceeded simultaneously with 
temperature descending below O °C. The critical freezing events were counted in three years 
wmch period was considered to be long enough to make reliable conclusions. 

The results of the ca1culations are presented in Figures 2 and 3. Figure 2 shows the number 
of critical freezing events as a function of air content. The parameter n, shows the influence of 
the form of the air pore distribution. As can be seen critical freezing events and eraeking may 
happen even by a very high air content if the air pore distribution is poor (n,> 1). On the other 
hand even a small content of air is sufficient to guarantee a crack free life for concrete if the 
distribution of air is good (n, <0.8). The compressive strength of concrete has no practical 
meaning in the amount of critical freezing events. 

In Figure 3 the amounts of critical freezing events are plotted as a flmction of Powers 
spacing factor. The spacing factor has been ca1culated from the assumed distribution of air 
pares having 10 firn as the minimum and 500 firn as the maximum radius of pores. From the 
figure one can readily observe that if the Powers spacing factor is smaller than 0.24 mm no 
critical freezing events take place. Even by 0.26 mm the number of critical freezing events is 
very limited. 

The results show that the regulation of the frost resistance of concrete by the volume of air 
only is not possible. Instead the spacing factor concept seems to be an excellent way to 
guarantee a crack-free life for eonerete. If the spacing factor is smaller than 0.24 mm no 
cracks can be produced in concrete facades irrespective of the air content, form of the air pore 
distribution or the compressive strength of concrete. 

50 

45~ __ ~~ ______ -+~ ______ 1 

40~---+~-------4+-----~ 

'" .~ 25 +-\-;-. __ +--,~ ______ -\-'; ____ ~ 

~ 20 
1i 
~ 15~~ __ ~~ ______ ~~ __ ~ 

U 10~~----~------~-T---4 

4,0 5,0 6,0 7,0 8,0 

Air content of eonerete, Of. 

_a__K35. nr-1,2' 

______ K35, nr=1,0 

- ___ K35, nr=O,8 i 

_._ . .;a... .•.•• K35, nr=O,6 i 

· . ..... K40, nr=1,2 i 
· __ e ... K40, nr=1,0:' 

_ ..•.. _ K40, nr=0,8 ' 

· ....... , K40, or=O,6 : 

Fig 2. Critical jreezing events as a function of air content of eonerete, nominal 
strength of concrete and the exponent of air pore distribution. 
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1"- " -l 
K35and K40 
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• • • 120 <I> 
S • c • ... .. 
t 90 • • 
'" • c • 1 • 60 
ii • ~ 30 •• • () 

• 
O • # 

0,10 0,20 0,30 0,40 0,60 0,60 

Powers spacing factor 

Fig 3. Criticaljreezing l:Vents as afunction ofPowers spacingfactor. All results 
included. 

3.1.3 Service life criteria 
At this phase of the study the basic criteria for frost resistance was a service life of 50 years. 
So the aim was to find out the air pore characteristics which would be in conforrnity with the 
service life requirement. The service life was defmed as the period of time within which the 
degradation is proceeded to its maximum allowable amount of 0.33, 

The degradation of concrete at the outer surface of the outer panel was foIlowed by 
computer simulation. An example of these calculations is shown in Figure 4. 

Degradatlon o,. 
(as a proportion of 

maximum) 0,8 

0,7 

Powers spaclng 0,6 
facto r 

/ 0,5 
--0,441 

'0,333 O,, J -- 0,278 0,3 • - 10.244 0,2 
--0,220 

--0,202 0,1 

O 
O 26 50 75 100 125 150 

Yea, 

Fig 4. Degradation of concrete the outer surface of the outer panel as a function 
of time and Powers spacingjactor (K35. nr=/). 
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Based on the Equations 7 and 8 the following formula could be derived for the service life of 
eonerete: 

where 

tL is service life in years 
nd number of critical freezing events per year 
(S-S'ri,)m"n average exceeding of the critical degree of saturation at each critical 

freezing event 
Dm,x maximum allowable degradation and 
A coefficient (see Formula 8). 

(lO) 

Equation 10 helped analysing the results of simulation. The number of freezing events per 
year and the average exceeding of the critical degree of saturation at critical freezing events 
were determined in the course of calculation. 
The final results of the calculation could be presented in the following form: 

where 

tL 

tR 

fj(L) 
flw/c) 
f3(~) 

tl. =tR ·j;(L)·f2(w/c)·J;(n,) (11) 

is service life, years 
reference service life, years 
function showing the effect of spacing factor (L) on service life 
function showing the effect ofw/c on service life and 
function showing the effect of ~ on service life. 

Only the mean service life was determined by the calculations. For the mean the reference 
service life is 145 years. To obtain the service lives corresponding to different safety levels P 
the distribution and the variance of service life had to be defined. The variance of service life 
is supposed to include all unintended variation of material parameters and structural 
dimensions as weil as such environmental variations that are not considered by the weather 
models. In this study the form of service life distribution was assumed to be lognorrnal and 
the coefficient of variance was assumed to be 0.6. By these assumptions the safety factors (the 
relation of the mean service life and the service life corresponding to safety level P) could be 
determined [8]. In Table 1 these safety factors are presented together with the corresponding 
reference service lives tR.P' 

Table l. Safety factors and reference service lives at different safety levels 
(Equation 11). 

Safety level Safety factor Reference service life 

P Y, tR•P (years) 

95% 2.90 50 
90% 2.37 61 
80% 1.86 78 
50% 1.17 124 

The following formulae could be derived for the functions fl' f2 and f3• 
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j, (L) - 1 (27 0.01) 
I - 145 . + (L _ 0.24)3.4 

L >0.24mm 

12 (w/ C) = (34.8. ~~8c _7.6)3 

13 (nr) = 8.68· (1.49 -n J 3.01 

0.6 < nr < 1.2 
The functions fl, f2 and f3 are presented graphically in Figures 5, 6 and 7. 

10 _____ -,, _________________ . _________ . ___ , 

9 __ ._. _1,_________________ --------i 

\ 
~5~---+\\-----------------i 

\ 
\ 

! - --_.~-------, , 

Fig 5. Functionll(L). Facade element. 
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Fig 6. Functionf2(wlc). 

(12) 

(13) 

(14) 
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0,5 0.6 0,7 0,8 0,9 1,1 1,2 

Fig 7. Functionf3(nr). Facade element. 

The effects of spacing factor L and w/c on service life were as expected. By diminishing the 
spacing factor and reducing the water-to-cement ratio the service life can be multiplied. By 
reducing the spacing factor below 0.24 mm the service life of a structure is endless with 
regard to frost attack. 

The effect of the exponent of air pore distribution was surprisingly great. Reducing 1\ does 
not only have a positive effect on service life through the spacing factor L (which is reduced 
by diminishing 1\) but also through the number of critical freezing events and the average 
exceeding of S at critical freezing events (ref. Formula 10). The service life can be almost 
tripIed by only reducing the value of 1\ from l to 0.8. On the other hand the length of service 
life is dropped very sharply towards O if the value of n, is greater than l. 

Equation 11 together with the equations 12 to 14 are applicable to service life design in 
practice. The formulae are in conformity with the standard ISOlDIS 15686 [9]. The service 
life requirement of 50 years at a 95% safety level is reached if the product of functions f" f, 
and f3 is greater than l. If 1\ is not known the assumption f, = l is recommended (1\ = l). 

3.2 Balcony Slab 
Another structure that was studied by the computer simulation was a ba1cony slab. The upper 
surface of the slab was fully exposed to rain and solar radiation but the lower surface was 
sheltered from them (Figure 8). There were no coatings on any surface of the slab. The 
purpose was to simulate the conditions of XF3 in prEN206. The mix design of concrete was 
the same as with the facade element. 

3.2.1 Cracking criteria 
Having 'no frost cracking' as the criteria for regulation of frost resistance the number of 
critical freezing events was counted during the fITst three years. The results of the ca1culation 
are presented in Figures 9 and 10. 

The results showed similar trends as with the facade element. Neither the air content nor 
the compressive strength was found an important parameter for the restriction of frost 
cracking (Figure 10). The decisive factor was the Powers spacing factor (Figure 11). The 
criticallimit of the spacing factor was 0.225 mm which is a little smaller than that found in 
the case of the facade element. 
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CO2 

Sheitered from rain 
and solar radiation 

Fig 8. The climatic stresses and nodal points of the balcony slab. 
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Fig 9. Critical freezing events in a balcony slab as a function of air content of 
eonerete, nominal strength of concrete and the exponent of air pore distribution. 
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Fig 10. Crilieal freezing events in a baleony stab as a funetion of Powers spaeing 
factor. All resulls included. 

3.2.2 Service life criteria 
Taldng a 'SO years service life' as the basic criteria, the degradation of concrete at the outer 
surface of the outer panel was monitored by computer simulation. An example of these 
calculations is shown in Figure 11. 

Degradation 0.9 
(as a proportion of 

maximum) O,B 

0,7 
Powers spacing 

0,6 
factor 

0,5 
-0,457 

'0.341 0,4 - ., 0,2B5 0,3 - '0.250 0,2 
-0,226 

--0,208 0,1 

I /' 

I , , , , 
• 

~ 
25 50 75 

Year 
100 125 150 

Fig 11. Degradation of eonerete at the upper surfaee of the s/ab as a funetion of 
time and Powers spacingfaetor (K40, nr= 1). 

The results of the service life were analysed in the same way as in the case of the facade 
element. Equation 11 is also applicable for the balcony slab. However, the functions f, and f, 
are determined from the following formulae: 
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J; (L) - l (6 0.001) 
l - 145' + (L _ 0.225)3.7 

L>0.225 mm 

f,(n,) = 550· (1.35 _nYa 

0.6 < n, < 1.2 

The function fl (L) and fln,) are presented graphically in Figures 13 and 14. 
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Fig 12. Function fj{L). Balcony slab. 

20 

18 -----------t-

16+-------

14+-__ __ 

12+-____ _ 

:s 10 

"'" 

0,4 0,6 

l ___________ _ 

O,B 

n, 

Fig 13. Functionf3(nr). Balcony slab. 
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The function fiw/c) is the same as in the case offacade element (Figure 6). 

(15) 

(16) 
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4 SUMMARY AND CONCLUSIONS 
Computer simulation makes it possible to effectively study the influences of material 
properties, structural details and environmental conditions on the degradation and service life 
of concrete structures. As a result of a study on frost resistance requirements for facade 
elements and a balcony slabs the following conclusions could be made: 
l. Air content is not an effective parameter for quaiity controi of frost resistance. The 

'quaiity' of air is more impOltant than quantity. 
2. The frost cracking of concrete can be effectively controlled by Powers spacing factor. An 

endless crack-free service life concrete can be guaranteed by keeping the Powers spacing 
factor smaller than the critical one. The critical spacing factor for facade elements is 0.24 
mm and for balcony slabs 0.225 mm. 

3. The service life of a facade element and a balcony slab with regard to frost attack can be 
evaluated as a function of Powers spacing factor L, water cement ratio w/c and the 
exponent of air pore distribution. The presented prediction method of service life is in 
conformity with ISOlDIS 15686 (factor method). 
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