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Abstract 
In all probability the most severe damaging factor to concrete in Iceland today is the freeze-thaw 

scaling.  Concrete, intended for outdoor structures in Iceland must in general not exceed the 1 kg/m2 

scaling limit in a frost resistance test carried out in accord with the Swedish standard SS 137244 on frost 

resistance.  In practice, to fulfill this requirement, air entrainment agents are placed into the concrete 

mix, but that reduces the compressive strength significantly, some 5 percent of strength for each 

percent of air entrainment.  The aim of this project is to design a durable concrete without use of air 

entraining agents, and durable in terms of freeze-thaw and chloride penetration resistance. 

In this project Icelandic aggregates were applied.  The mixes were mostly designed as a conventional 

vibrated concrete (CVC) although one series was designed as self compacting concrete (SCC).  The mixes 

had different w/b ratio, changing in steps from 0,42 to 0,26, and also different silica fume content, 0% (a 

blank mix), 6% and 12% (by weight) on a cement replacement basis.  Durability testing included scaling 

in freeze-thaw environment according to the CEN/TR 15177 standard.  Chloride migration coefficient 

determination according to the Nordtest method NT BUILD 492, as well as a standardized compressive 

strength.  Rheological measurements were made by the ConTec Viscometer and the Rheometer 4SCC as 

well as slump and slump flow measurements for workability assessment.  The results showed that one 

can make a durable mix design without air entrainment, the w/b ratio one needs to achieve for a 

durable mix design varies with different types of aggregates as well as the content of silica fume.   
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ENDING STEYPU ÁN LOFT-BLENDIS 

Ágrip 
Frost-þíðu skemmdir í steinsteypu eru að öllum líkindum sá þáttur sem hefur hvað mest áhrif á endingu 

bygginga á Íslandi.  Utanhússteypa á Íslandi þarf að standast kröfur um að flögnun sé ekki meiri en 1 

kg/m2 samkvæmt stöðluðu sænsku frostþols prófi, SS 137244.  Til að uppfylla þessar kröfur er loft-blendi 

bætt út í steypublönduna, en gallinn er sá að við það minnkar þrýstiþolið töluvert, eða 5 prósent fyrir 

hvert prósent lofts í steypunni.  Tilgangur þessa verkefnis er að hanna endingagóða steypu án loft-

blendis, þ.e.a.s. endingargóða með tillit til frostþols og klórleiðni.    

Íslensk fylliefni voru notuð í þessu verkefni.  Steypu blöndurnar voru að mestu hannaðar sem venjulegar 

titraðar steypur (CVC) þó með undantekningu í einni sýnaröð sem var hönnuð sem sjálfútleggjandi 

steypa (SCC).  Blöndurnar höfðu mismunandi vatns/sements hlutfall, í nokkrum þrepum frá 0,42 niður í 

0,26.  Magn kísilryks var einnig breytilegt, 0% (án kísilryks), 6% og 12% kísilryk (af sementsmagni) þar 

sem sementsmagnið var minnkað í sama hlutfalli.  Þau endingarpróf sem notast var við voru frost/þíðu 

próf samkvæmt CEN/TR 15177 staðli, klórleiðni próf samkvæmt Nordtest prófi NT BUILD 492, og staðlað 

þrýstiþols próf.  ConTec seigjumælir og Rheometer-4SCC voru notaðir ásamt sigmáli og sigmálsflæði-

mælingu til þess að mæla flotfræði-eiginleika steypanna.  Niðurstöðurnar sýndu að hægt er að hanna 

endingagóða steypu án loft-blendis, en vatns/bindiefnis hlutfallið til þess að tryggja endingu er misjafnt 

eftir fylliefnum og hlutfalli kísilryks af bindiefnum.  
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1 Introduction 

1.1 General 
In Iceland freeze-thaw resistance is one of the major properties that have to be considered in a concrete 

mix design regarding durability. When evaluating the durability of a concrete mix with regard to freezing 

and thawing a lot of fundamental variables should be considered, for instance type of aggregates, w/b 

ratio, minimum cement or binder content and so on. The concept of repeated cycles of freezing and 

thawing represents a severe environmental condition that may cause scaling and or deterioration of the 

concrete.  With the use of de-icing chemicals this problem becomes more severe [1.1]. 

For concrete to suffer damage or for reinforcement to corrode, three conditions are vital. First, a 

concrete mix of a high w/c ratio and poor curing leads to high capillary porosity.  Comparable effects 

may even be encountered for concrete with low w/c ratio in case of poor curing or insufficient 

compaction which leads to micro voids.  Loading in service, repeated heating and cooling cycles or 

alternative wetting and drying, may lead to micro cracks.  All these mishaps may lead to unwanted 

porosity in the concrete.  Secondly, an exposure to an aggressive environment such as sulphate attack, 

corrosion promoted by chlorides or carbonation as well as alkali silica reaction,  all depending on the 

surroundings of the concrete.  Third, the presence of water.  These factors have all to be present in one 

form or other for the concrete structure to be damaged [1.2]. 

Chloride penetration, which finally leads to corrosion when it reaches the reinforcements bars, affects 

only concrete structures which are subjected to harsh environment, such as bridges, docks and highway 

structures where deicing salt is used in winter time.  The only difference between corrosion due to 

chloride ingress and carbonation is that carbonation is more uniform whereas chloride corrosion may 

lead to more irregular penetration profile and in some cases local and very deep defects, known as 

pitting corrosion [1.2]. 

A number of test methods is available to determine the chloride penetration, each having their 

advantages and disadvantages.  Tests as the AASHTO T259 and the Nordtest (bulk diffusion test) model 

the actual chloride ingress well.  They are, however, not suitable for quality control during construction 

as they are long-term tests.  Other methods such as the RCPT have a more nebulous relationship with 

what actually occurs in the concrete, but have the advantage of a short duration [1.3]. 

In this paper tests on chloride penetration and the chloride diffusion coefficient were carried out using a 

CTH test method developed by Tang Luping.  The test is according to standardized Nordtest method NT 

BUILD 492.  Tang Luping has established a good, valid method to derive the chloride permeability 

through non steady state migration experiments [1.4].  

Adding silica fume to a concrete mix may improve the freezing and thawing resistance, and this solution 

is based on existing experience and knowledge.  Studies have also shown that use of silica fume in a 

concrete mix may accelerate the deterioration at a later stage.  Therefore it has been recommended to 

subject the test specimens to more cycles of freezing and thawing than normally prescribed [1.5]. 
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It is still a controversy whether or not a non air entrained High Performance Concrete is durable when 

subjected to freeze-thaw resistance.  Some researchers have reported good results of non air entrained 

concrete with w/c ratio ranging from 0,25-0,35, while others have doubts and conclude that it is 

necessary to air entrain these concretes to make them frost resistant.  The main concern is that the 

concrete is durable for the first 50 to 100 freeze-thaw cycles but then the deterioration starts to 

accelerate, thus indicating that stricter rules have to be applied to non air entrained concrete.  Many 

countries, for instance Iceland, require air entrainment is to be used [1.6-1.9]. 

The w/b ratio can be controlled indirectly by the water content of a concrete mix, and can be reduced 

by increasing the binder content or by decreasing the water content.  Water in excess of the amount 

necessary for hydration of the paste leaves capillary cavities within the hardened paste.  Therefore it is 

highly desirable to limit the use of water in fresh concrete to the minimum needed, thus increasing the 

compressive strength and decreasing drying shrinkage [1.10]. 

 

1.2 Scope 
The main scope of this project is to evaluate the durability in terms of freeze-thaw resistance and 

chloride penetration resistance of concrete mixes containing Danish cement CEM I 52.5 N and a few 

types of Icelandic aggregates.  The variables are silica fume content, w/b ratio, type and dosages of 

additives as well as the concrete type in terms of workability i.e. CVC and SCC.  While the water content 

is held constant the cement content is variable.  The freeze-thaw test was used to evaluate the 

efficiency of the concrete mix regarding freeze-thaw durability, while the chloride penetration test was 

chosen for determination of the chloride migration coefficient.  A secondary aim is to compare 

rheological properties of different mix designs in a coaxial cylinder viscometer and to determine the 28 

day compressive strength.  Further the slump and slump flow are measured. 
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1.3 The research program 
The research program was divided into four series where durability of mixes with no air entrainment 

was at centre.  Workability was also a focal point in this program.  The test series are: 

a) Björgun aggregates, phase I (24 mixes) 

b) Björgun aggregates, phase II (14 mixes) 

c) A mixture of Björgun sand and Vatnsskarð gravel (11 mixes) 

d) Harðikambur aggregates (26 mixes) 

Through the first series (a), the freeze-thaw resistance and the compressive strength was evaluated for 

mixes containing Björgun aggregates as well as the workability (through rheological measurements, 

slump and slump flow).  The series was divided into two parts, i.e. conventional vibrated concrete (CVC) 

and a semi self compacting concrete (“Semi SCC”).  Among variables were additive type, dosage of 

additive, w/b ratio, silica fume content and cement content.  The water content was kept constant at 

(160 ± 10) kg/m3.   

Through the second series (b) chloride penetration and the compressive strength was evaluated for 

mixes containing Björgun aggregates as well as the workability (through rheological measurements, 

slump and slump flow).  Among variables were dosage of additive, w/b ratio, silica fume content and the 

cement content.  The water content was kept constant at (150 ± 5) kg/m3.   

The aim of the third series (c) was to evaluate the chloride penetration as well as the freeze-thaw 

resistance for mixes containing Björgun sand and Vatnsskarð gravel as aggregates.  The workability was 

also evaluated (through rheological measurements, slump and slump flow) as well as the compressive 

strength.  Among variables were dosage of additive, w/b ratio, silica fume content and the cement 

content.  The water content was kept constant at (150 ± 5) kg/m3.   

The aim of the fourth series (d) was to evaluate the chloride penetration as well as the freeze-thaw 

resistance for mixes containing Harðikambur aggregates.  The workability was also evaluated (through 

rheological measurements, slump and slump flow) as well as the compressive strength.  Among 

variables were dosage of additive, w/b ratio, silica fume content and the cement content.  The water 

content was kept constant at (150 ± 5) kg/m3.  Five out of the twenty-six mix designs in this series were 

designed with air entrainment, and ranging in compressive strength class from C25 to C45.  The duration 

of the freeze-thaw test was prolonged in this series to see its effect on the long-time durability of mixes 

containing no air entrainment versus mixes containing air entrainment. 
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2 Literature Study 
This chapter gives an overview on studies and research concerning durability factors such as frost 

resistance and chloride penetration. 

The main concepts reviewed and regarding frost resistance, pertain to the main objectives of this thesis, 

i.e. freeze-thaw resistance in terms of salt scaling, non air entrained concrete versus air entrained 

concrete, the effect of using supplementary cementitious materials such as silica fume as well as the 

effect of coarse porous material.  Furthermore some light will be shed on the various test methods as 

well as the theoretical base underpinning frost resistance, among other things. 

In regards to chloride penetration, the main emphasis will be placed on the effects caused by chloride 

penetration, as well as the aspects chloride diffusion is affected by, test methods as well as the 

theoretical base of chloride ingress, and how chloride penetration is affected by the main objectives of 

in this thesis, i.e. silica fume addition, non air entrainment as well as high strength or high performance 

concrete.  

2.1 Freeze-Thaw Resistance 
Two articles are said to have marked the beginning of the research in the field of salt frost resistance of 

cement based materials.  The first article by Arnfelt [2.1], treated study where he froze concrete cubes in 

different aqueous solutions, such as sodium chloride, barium chloride, potassium ferrocyanide and 

ferricyanide, ethyl alcohol and urea at -25°C for 12 hours and thawing them at 20°C for 12 hours.  Arnfelt 

came to the conclusion that pure water caused less scaling than the intermediately concentrated 

solutions, and therefore the results could not be caused by simple volumetric expansion due to ice 

formation.  Nor were the results induced by to chemical attack, because of their limited effect on 

concrete.  Arnfelt did not propose any explanation of the mechanism observed, but did believe that the 

mechanism was of a physico-chemical nature. 

 The second article is contributed by Verbeck and Klieger [2.2].  It deals with similar tests as those done by 

Arnfelt, although with variations; e.g. were the freeze-thaw cycle and the minimum temperature 

changed as well as different solutions applied.  The freezing period was applied for 18 hours at -29°C and 

thawing for 6 hours at 21°C, and the solution was only applied to the upper surface of the specimen.  

The solutions used were calcium chloride, sodium chloride, ethyl alcohol and urea.  The results were 

similar to those gathered by Arnfelt, intermediately concentrated solutions produced the most severe 

scaling.  The calcium chloride causes severe deterioration at high concentrations.  However, this was 

due to chemical attack.  Verbeck and Klieger also experimented with the test procedure:  By the first 

procedure the specimens were frozen in pure water on the surface and then different solutions were 

applied on the ice before thawing.  By the second procedure, the salt solution was applied on the 

surface during freezing and thawing.  And by the third procedure, the specimens were frozen in damp 

conditions, i.e without any liquid on the surface, and then before thawing the different solutions were 

poured on the surface.  The second procedure caused the worst deterioration, more than procedure 1, 

and procedure 3 did not show any sign of deterioration.  These tests were done on concretes having a 

w/c ratio of 0,50.  Scaling measurements showed that at about 3% concentration of the solution the 

most damage occurred, regardless of the type of different salt solution. 
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In more recent articles, the question has been raised whether this would be the case for high 

performance concretes, or more denser concretes, i.e. if the most severe damage would occur at 3% 

concentration of salt solution for concretes with lower w/b ratios.  Through theoretical calculations 

Peterson [2.3] indicated that at decreasing w/c ratio the most severe concentration increased.  Sellevold 

and Farstad [2.4] did tests on concretes with w/b ratio of 0,55 and a high strength concrete with a w/b 

ratio of 0,36 and 0,27.  For the normal concrete with w/b ratio of 0,55 Sellevold and Farstad observed 

the same results as Verbeck and Klieger, i.e. the most severe damage was caused at 2-3% salt 

concentration, however, for a high strength concrete no worst salt concentration was found; with 

increased concentration the scaling increased, at least up to 6%, as can be seen in figure 2.1.   

 

Figure 2.1.  Results from Sellevold and Farstad.  Scaling of two high strength concretes made with high 

strength cement P30-4A. 

Since the lack of knowledge and of theory behind this phenomenon is limited it is important that more 

research is carried out on this subject.  But in the meantime a three percent concentration is probably 

the most suitable choice.  It should though be stressed that by applying 3% sodium chloride 

concentration to a dense, high performance concrete may lead to overestimation of the scaling 

resistance. 

There are two types of frost damage; internal damage and surface scaling.  Internal damage is more 

often observed when concrete is moist and frozen in pure water, freeze-thaw attacks of pure water 

seldom lead to surface scaling.  Surface scaling is more often observed on surfaces of concrete samples 

that are in contact with a saline solution, freeze-thaw attacks of concrete samples with saline 

concentration seldom lead to internal damage.  Internal damage will lead to reduced concrete strength, 

loss in E-modulus and in split tensile strength as well as in loss of bond.  Fagerlund et al [2.5] presented 

results which show that the split tensile strength is more affected by freeze-thaw than the E-modulus.  A 

severe reduction in the performance of a concrete occurs when the concrete is frost damaged, even 

after one freeze-thaw cycle, when the concrete is more than critically saturated.  Later results from 

Fagerlund [2.6] explained this fact by the idea of critical degree of saturation.  Two different types of 

concretes, one with air entrainment (Type I) and the other without (Type II) were subjected to freeze-

thaw in moisture isolated conditions, the amount of water inside the specimens was different, and the 
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critical degree of saturation was 0,80 and 0,90.  A small transgression of this value gave a large reduction 

in the E-modulus, see figure 2.2.  The critical degree of saturation method will be discussed later in this 

chapter.  Fagerlund stated that the water content in the specimen gradually increases with increasing 

number of cycles, thereby bringing an increased portion of the specimen into a more than critically 

saturated conditions.  

 

Figure 2.2.  Results from Fagerlund.  Relation between the degree of saturation of two types of 

concretes, and the dynamic E-modulus after 6 freeze-thaw cycles in moisture isolated conditions. 

Surface scaling, due to salt frost attack is a deterioration effect that only affects the surface of the 

specimen, which is gradually scaled off, thus reducing the concrete cover, resulting in a reduced 

structural performance due to reduced anchoring capacity of the reinforcement.  Another crucial effect 

of the salt scaling is its negative influence on the service life with regard to reinforcement corrosion.  

With increased numbers of freeze-thaw cycles the salt scaling either accelerates, stays linear or retards, 

see figure 2.3.  In case of severe scaling, which normally is also accelerated, this finally leads to complete 

destruction of the concrete cover.  In case of less scaling it is normally retarded or linear.   

 

Figure 2.3.  Schematic picture from Fagerlund.  Three types of salt scaling, accelerated, linear and 

retarded. 
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In a large unpublished study by Fagerlund done on some 100 different concrete types, it was found that 

for most concretes the limit between retarded and accelerated scaling corresponds to a total scaling of 

roughly 0,6 kg/m2 after 28 freeze-thaw cycles, as seen in figure 2.4.  The acceleration factor β is a 

function of the total scaling after 28 freeze-thaw cycles in 3% sodium chloride solution, β>1 

corresponding to accelerated and β<1 corresponding to retarded scaling.  In case of very small scaling or 

0,2 kg/m2 or less, it is meaningless to label the scaling as accelerated or retarded, due to difficulty in 

measuring exactly such a small scaling. 

 

Figure 2.4.  The effect of the total scaling after 28 salt scaling cycles on the acceleration factor β. 

Unpublished results from tests performed by Fagerlund at the Swedish Cement and Concrete Research 

Institute.   

There exist three commonly recognized mechanisms for frost attacks without salt.  These are closed 

container, hydraulic pressure and osmotic ice body growth.  Although these mechanisms have been put 

forward there have been observations that question the underlying mechanisms.  These mechanisms 

will be briefly discussed here. 

The closed container mechanism is the simplest mechanism of frost deterioration.  It draws on the fact 

that the specific volume of ice is larger than that of water.  If a non-permeable container contains more 

than 91,7% of water, ice formation will cause large pressures increases, due to fact that the specific 

volume of ice is 9% larger than that of water.  Assuming that this container will not yield to the pressure 

it can be calculated that even at -1°C the pressure will be some 10 MPa.  This pressure is high enough to 

damage normal, porous and brittle building materials.  This mechanism is closely related to the degree 

of saturation of a porous material.  By determining the critical degree of saturation, it should be possible 

to clarify the mechanisms of frost deterioration.  In 1944 Collins [2.7] published results from field 

investigations on frost induced damage in concrete pavements in England as a result of this mechanism. 
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Powers [2.8] presented a hypothesis on the mechanism of frost deterioration of concrete in 1945.  Powers 

noted that, although a concrete often contains enough air, and even after long periods of storage under 

water, and able to accommodate the volume increase caused by freezing, it might still not be frost 

resistant and might fail, even if it is less than critically saturated.  Therefore Powers proposed that the 

major cause of deterioration was not the ice pressure itself, but rather hydraulic pressure that would 

arise during ice formation when water was expelled from the pore in which freezing took place.  Powers 

demonstrated this through some calculations and showed that the thickness of the saturated zone in 

front of the freezing front needed to be 6 mm to produce hydraulic pressure high enough to damage the 

concrete.  This hypothesis has been referred as the “hydraulic pressure hypothesis”.   Later on in 1949 

Powers [2.9] presented further experimental results and by applying the hydraulic pressure hypothesis, he 

showed that the air void characteristics measured in frost resistant specimen were in good consistency 

with what was expected from calculations.  Powers used a model where air voids were all of the same 

size and cubically arranged.  The maximum distance that water transport has to travel is equal to half 

the maximum distance between such voids and can be calculated from equation 2.1: 

Equation (2.1)                                                                                                           a � �
� · �1,4 · 
��

 � 1��/� � 1� 
where D is the diameter of an air void of the same specific surface as the entire air pore system, Vp is the 

volume of cement paste, L is the volume of air voids and a is the distance which is called the Powers 

spacing factor.  Powers calculated the permissible spacing factors to 0,2-0,7 mm for cement pastes of 

w/c ratios in the range 0,32 to 0,62.  Powers referred to results by Gonnerman who had found that 

concrete was frost resistant when the air content exceeded 3%.  By assuming these values Powers 

estimated the spacing factor of these concretes to have been approximately 0,25 mm.  The hydraulic 

pressure hypothesis does not explain what is observed when non air entrained concretes are subjected 

to freezing.  Powers and Helmuth [2.10] observed that specimens of non air entrained pastes would 

expand during cooling and keep expanding at constant sub-zero temperatures, while specimens of air 

entrained paste would contract.  These observations were impossible to explain using the hydraulic 

pressure hypothesis.  Powers displayed a figure showing a most striking example of expansion during 

periods of constant temperature, see figure 2.5.  The figure displays that expansion does not begin 

before -19°C is reached, which indicates strong super-cooling (occurring for high cooling rates 

approximately at 30°C) which might indicate the expansion to be due to delayed ice formation.  

 

Figure 2.5.  Example of expansion during a period of constant temperature.  “Relative dense paste”, no 

air voids. Results from Powers and Helmuth. 
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These observations Powers and Helmuth explained to be a mechanism referred to as osmotic micro ice 

body growth, which presupposes that freezing begins in some of the larger pores (also entrained air 

voids if water is present).  When cooling begins, the unfrozen water in the smaller pores will gain more 

free energy than the ice already formed, creating a potential difference which will in turn cause 

moisture to move out of the small pores into the larger ones where it will freeze onto the existing ice 

bodies.  Which of these mechanisms is the most important has not been determined. 

These are just a few of many mechanisms that have been hypothesized, numerous suggestions have 

been aired to explain the combined salt and frost attacks.  But still those mechanisms either alone or in 

combination with other mechanisms can explain the deterioration effect of salt frost scaling. 

Numerous test methods are available to assess the frost and salt scaling resistance, as well as pure 

water frost resistance.  These test methods are very similar, but may vary in regard to the minimum 

temperature, the freezing rate, concentration of salt solutions and so on.  A few of them will be 

mentioned here.    

The CEN/TR 15177 standard, which is based on the Swedish standard SS 137244 is a good method to 

establish frost resistance of concrete, although time consuming since it takes 3 months from casting the 

concrete to get the frost resistance results.  This method is mentioned in chapter 3.  Other methods that 

are used for frost and salt scaling is the CDF-test as well as the cube test.  

The most frequently method used to assess freeze-thaw resistance without salt is the American method 

ASTM C666.  There are two variations on this method; first rapid freezing and thawing in water and 

secondly rapid freezing in air and thawing in water.  The procedure of freezing and thawing involves 

cooling from 4,4°C down to -17,8°C and warming from -17,8°C up to 4,4°C in a timeframe of 2 to 5 

hours, for an interval of maximum 30 cycles.  The allowed freezing rate varies between about 6°C per 

hour to about 15°C per hour.  Then the specimens are tested with regard to the fundamental frequency 

of transverse vibration, the length of the sample and the weight of it.  This procedure is repeated until 

300 cycles are reached or until the test is interrupted, either because of the E-modulus is reduced to 

60% of its initial value, or until the length increase is 0,1%.  For this test the freeze thaw resistance of a 

specific concrete is referred to as its durability factor.  No criterion is given as the minimum acceptable 

durability factor, but 80% level is sometimes used.  This is a very rapid test, but there is a big problem in 

defining the exact relation between the durability factor determined from the test results and the frost 

resistance in practice. 

Most of the freeze-thaw tests provide only qualitative information on frost resistance.  They tell little 

about the service life of the structure, with the exception of the scaling test from the Swedish standard 

SS 137244 mentioned before, which can be used as a rather uncertain estimation of the future scaling 

and service life.  But in terms of the inner damage the critical degree of saturation method can be used 

for a quantitative estimation of the service life, or prediction of “the potential service life”.  Fagerlund 

defined it as the time the concrete can be constantly stored in water without being damaged by frost 
[2.11].  Fagerlund [2.6] describes the method which is performed in the following way.  Two tests are made: 
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Test 1:  The critical degree of saturation SCR is determined by a freeze-thaw test performed on moisture 

sealed specimens.  The test can be made by repeated freeze-thaw on a series of specimens in which 

each specimen has been pre-conditioned to certain degree of saturation.  The critical degree of 

saturation is defined by the degree of saturation which marks a more or less a drastic transition from 

undamaged to damaged specimens.  The length change of the specimens that are pre-conditioned to 

different degrees of saturation can also determine the critical degree of saturation.  The critical degree 

of saturation is defined as the degree of saturation at which the concrete starts to expand during 

freezing. 

Test 2:  the capillary degree of saturation SCAP is determined by a water uptake test where rather small 

concrete specimens are stored in water for one month or longer.  The water absorption curve is 

transformed into a degree of saturation curve, SCAP curve. The absorption curve is adjusted to an 

equation of the following type, equation 2.2 

Equation (2.2)                                                                                                                                 ���� � � � � · �� 

where A, B and C are constants and t is the water absorption time. 

The potential service life tpot, is over when SCAP is equal to SCR, thus tpot can be calculated from equation 

2.3 

Equation (2.3)                                                                                                                     ���� � � ��! � �"/�#�/� 

The concrete is expected to exhibit a high frost resistance, also in the practical situation, if it has a long 

potential service life, determined by this method. 

Silica fume is usually used in quantities not exceeding 10% of the cement weight, even down to 5%.  One 

might therefore suggest that its effect on the freeze-thaw resistance is marginal.  This supplementary 

cementitious material, which is supposed to be a quality improver, has been proven to act destructive in 

large dosages (>10%) as seen in figure 2.6.  Another aspect is the speculations whether or not air 

entrainment is necessary for high strength or high performance concrete.  Many have reported good 

results regarding frost resistance and salt scaling of non air entrained concrete, while other conclude 

that air entrainment is necessary for these concretes to be frost resistant or resistant to salt scaling [1.9]. 

The picture draws on results from Petersson [2.12].  Two concrete qualities, A and C were subjected to 

repeated freezing and thawing in sodium chloride solution.  Concrete A contained pure Portland cement 

as binder, but for concrete C 19% of the cement was replaced for silica fume.  Otherwise the concretes 

were identical.  The w/b ratio was low, 0,35 and no air entrainment agent was used.  It can be seen that 

these two concretes reacted differently to freezing and thawing.  As expected the Portland cement 

concrete showed continuously increased scaling of mass with increased number of freeze-thaw cycles.  

The concrete containing silica fume on the other hand showed no loss of mass at all during the first 100 

cycles, but after more than 100 cycles the concrete suddenly became completely disintegrated during a 

few freeze-thaw cycles.  The water uptake for such a dense concrete is very slow, therefore the critical 

degree of saturation is not reached until after a large number of cycles corresponding to a long period of 
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capillary suction, but when the critical degree of saturation is reached degradation due to frost attack 

develops quickly.  As to concrete B the w/b ratio is a bit higher or 0,54 and 11% of the cement has been 

exchanged for silica fume, but still we see an accelerated behavior in scaling compared to Concrete A 

where the w/b ratio is lower 0,35 and not including silica fume and we see retarded scaling.  The high 

dosage of silica fume can also affect other parameters, such as rise in brittleness. 

 

Figure 2.6.  Scaling resistance for two concrete qualities with and without silica fume, as well as example 

of retarded and accelerated salt scaling curves.  Results from Petersson. 

The quality of the aggregate is very important regarding frost resistance.  Grains of aggregates 

containing pores that are smaller than 1 mm can be assumed to be completely saturated when 

embedded in cement paste, however if the aggregate grain is bigger than a certain critical size, water 

can’t flow from the aggregate to the cement paste.  Instead the grain will expand during freezing 

thereby exposing the cement matrix to stresses that can be big enough to destroy the concrete [2.13].  

Fagerlund [2.14] presented equations for calculations of these stresses, from which one can see that a 

very small water filled porosity is enough to destroy the concrete.  In theory an aggregate porosity of 

0,5% by volume is sufficient to cause frost damage, provided that the aggregate is completely saturated.  

If the degree of saturation is reduced to 93% the aggregate porosity can be allowed to be a bit higher or 

in the 1,5 to 2% range. 
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2.2 Chloride Penetration 
As stated by Gjorv [1.9] the chloride penetration can take place in different ways at concrete structures in 

severe environments.  For an uncracked concrete, the penetration mainly takes place by the capillary 

absorption and diffusion.  When salt water is exposed to a relatively dry concrete, the concrete will 

absorb the salt water rather fast, and irregular wetting and drying can successively build up high 

concentrations of salt in the concrete.  This will lead to corrosion of the reinforced steel and therefore a 

reduction in strength, serviceability as well as the aesthetics of the structure.  Extensive investigations 

have been done on the penetration of chloride into concrete, both from a theoretical and applied point 

of view, and this issue seems to be very difficult.  Even pure diffusion of chloride ions in concrete is a 

very complicated transport process [2.15].  Therefore, Ficks 2. law of diffusion in a non-steady-state 

conditions is often applied for calculations of rates of chloride penetration, see equation 2.4.  Note that 

such calculations are based on a number of assumptions and are a very rough simplification of the real 

transport mechanism [1.3]. 

Equation (2.4)                                                                                                                                       
$�
$� � %&'' $(�

$)( 

Equation 2.4 includes effect of changing concentration with time (t).  With boundary conditions this 

equation has been solved, given the following constraints, C(x = 0, t > 0) = C0 (the surface concentration is 

constant at C0), initial condition C(x > 0, t = 0) = 0 (the initial concentration in the concrete is 0) and the 

infinite condition C(x = ∞, t > 0) =0 (far enough away from the surface, the concentration will always be 0).  

Deff is the effective diffusion coefficient. This will give us equation 2.5. 

Equation (2.5)                                                                                                               
� ),�"
�* � 1 � +,- . )

/0·1233·�4 

where erf(y) is the error function, a mathematical construct found in math tables or as a function in 

computer spreadsheets. 

Some factors interfere with the simple interpretation of diffusion data.  First chloride ions are not 

moving through a homogeneous solution.  Concrete is a porous material, which has both liquid and solid 

components.  Diffusion through the solid portion of the matrix compared to the rate of diffusion 

through the pore structure is insignificant.   Therefore the rate of diffusion is not only controlled by 

diffusion coefficient through the pore solution but by the physical characteristics of the capillary pore 

structure.  This effect is normally considered implicitly, however the effective diffusion coefficient of the 

chlorides into the concrete as a whole is considered.  Other influences are discussed below. 

A number of factors have to be considered, for a general evaluation of the resistance of concrete to 

chloride penetration, as well as the rate of chloride penetration.  Among these are the pore structure of 

the concrete, which is affected by the material, water to binder ratio, construction practice and age.  

The temperature also influences the pore structure, since usually the solvability of ions is temperature 

dependent and often increases with higher temperature.  Cementitious materials used in the concrete 

affects the chloride binding capacity.  A portion of the chloride ions responds with the concrete matrix 

becoming either chemically or physically bound, this binding reduces the rate of diffusion. 
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In the literature study by Stanish et al [1.3] test methods were described with regard to test procedure 

and advantages and disadvantages.  The most commonly known test methods will be discussed here 

based on this literature reference.  AASHTO T259 is a standard test method for resistance of concrete to 

chloride ion penetration, a long term test, also referred to as the ponding test.  For this test three slabs 

are required, with the thickness of 75 mm and surface area of 300 square mm.  Pre-conditioning 

requires the specimens to be moist cured for 14 days, then stored in a climate chamber with 50% 

relative humidity for 28 days.  Then the surfaces, with the exception of the top and bottom ones of the 

slabs are sealed and a 3% sodium chloride solution is ponded on the top surface for 90 days while the 

bottom surface is exposed to 50% relative humidity.  After the test is finished the specimens are 

removed from the climate chamber and the chloride concentration of 0,5 inch thick slices is then 

determined.  The disadvantages are: Determining what the results mean, little is gathered about the 

chloride profile, only the average chloride concentration in each 0,5 inch slice, as well as the long time of 

obtaining results, taking 132 days. 

The bulk diffusion test (NordTest NTBuild 443) was developed to overcome some of the deficiencies of 

the AASHTO T259 ponding test.  The difference concerns the pre-conditioning instead of being dried for 

28 days the test specimens are saturated in limewater.  All of the sides are sealed except the top surface 

that is subjected to 2.8 M sodium chloride solution, and left that way for at least 35 days.  After that 

period the specimens are taken and grinded in either a mill or lathe with a diamond tipped bit at depth 

increments of the order of 0,5 mm,  powder is taken and analyzed according to AASHTO T260.  The 

diffusion value and surface chloride concentration is determined  by fitting to a curve of Fick’s second 

law error function.  The disadvantages is still the time consumed, for low quality concrete this period 

takes at least 35 days, but could be expanded to 90 days for high quality concretes, just like the salt 

ponding test. 

Another method is the AASHTO T277 test which is an electrical indication of the concrete’s ability to 

resist chloride ion penetration (Rapid Chloride Permeability Test or RCPT).  A water saturated concrete 

specimen 50 mm thick and 100 mm in diameter is subjected to 60 V DC applied for 6 hours.  In one 

reservoir is a 3% sodium chloride solution and the other is a 0,3 M sodium hydroxide solution.  The total 

charge is determined and this is used to rate the concrete according to the criteria in table 2.1.  The 

disadvantages are that it does not measure the permeability but rather the ionic movement, i.e. the 

movement of all ions, not just chloride ions, measurements are made before steady-state migration is 

attained, as well as the high voltage pertained leads to an increase in temperature. 

Table 2.1.  RCPT ratings according to ASTM C1202. 
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The rapid migration test (CTH Test) is a method developed by Tang and Nilsson.  This method is 

described in details in chapter 3.  However the CTH test is capable of addressing the criticisms of the 

RCPT test related on examination to the chloride penetration profile as well as the temperature rise. 

The depth of the penetration can be used to determine the chloride ion diffusion coefficient, using a 

equation derived from the Nemst-Einstein equation, see equation 2.6. 

Equation (2.6)                                                                                                                                           % � !·5
6·7·8 · )3

�  

xf is the inflection point of the chloride ion profile that needs to be related to the depth given by the 

calorimetric technique.  The penetration depth itself may also be a useful parameter. 

Other test methods not discussed here in detail are methods such as, resistivity techniques, pressure 

penetration techniques, indirect measurement techniques as well as sorptivity method. 

Numerous reports have been published which deal with chloride penetration research on concretes 

containing silica fume, as well as other supplementary cementitious materials such as fly ash or slag.  

Hooton et al [2.16] reported results on cores taken from different bridges in the USA.  These bridges, some 

made from concrete containing silica fume and had high resistance to chloride penetration and other 

only containing Portland cement which had significantly lower resistance against chloride ingress, 

samples from bridges containing silica fume let through between 290 and 690 coulombs on average, 

compared to bridges where only ordinary Portland cement was used, 3900 coulombs were let through 

at average.  Bridges containing silica fume were predicted to last at least 10 years longer than designed 

for.  Hooton et al [2.17] also conducted test using silica fume slurry, and it concluded that 7% silica fume 

reduction provided dramatic improvement in chloride penetration resistance compared to concrete not 

including silica fume, even more than reducing the w/b from 0,45 down to 0,35, something that the 

present author has also discovered.  And it seems as a dosage of 12% silica fume further reduced the 

chloride penetration.  Marianne et al [2.18] also did research on different types of supplementary 

cementitious materials such as silica fume, fly ash and in different dosages, for fly ash.  This was a study 

on “green” type of concrete to reduce CO2 emission.  The mix containing 6% silica fume on binder 

replacement basis had lower diffusion coefficient than the control mix not containing any silica fume, 

and so did mixes containing fly ash. 

Oh et al [2.19] investigated the resistance to chloride penetration of different types of concrete as well as 

trying to develop a high performance concrete that has high resistance to chloride penetration.  The test 

method applied was AASHTO T277 and the variables were the w/b ratios, types of cement, types and 

amount of supplementary cementitious materials such as silica fume, fly ash and blast furnace slag, 

maximum size of aggregate and air entrainment.  Results can be seen in table 2.2.  The mix design that 

had the highest resistance against chloride penetration, had a w/b ratio of 0,28, 15% fly ash and 10% 

silica fume of binder weight on replacement basis and 0,04% air entrainment by binder weight.  For that 

mix the concrete let through 79 coulombs which indeed is negligible.  A comparable mix without fly ash, 

and only containing 10% silica fume let through 95 coulombs which again is negligible.  And a mix design 

with the same w/b ratio and 20% silica fume of binder weight and no air entrainment let through 144 
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coulombs which indicates very low chloride ion penetrability.  But when two test are compared where 

the only difference is with (N1-S10-0,04, w/b ratio of 0,28, 10% silica fume of binder weight and 0,04% 

air entrainment of binder weight) and without air entrainment (N1-S10-0, w/b ratio of 0,28, 10% silica 

fume of binder and no air entrainment), one can see that the one without air entrainment is a little bit 

more resistant against chloride penetration letting through 465 coulombs, as the other with air 

entrainment let through 503 coulombs.  This is not a significant difference but still indicates that the one 

without air entrainment has more resistance against chloride penetration, although both mixes are 

considered to have a very low chloride ion penetrability. 

Table 2.2.  Summary and grading of the rapid chloride permeability test results.  Included in the picture is 

the symbols and numbers for specimens identification of the test series.  Results from Oh et al. 
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3 Materials and Methods 

3.1 General 
Three materials are essential to design a concrete mix; aggregates, cement and water.  One could say 

that it is as simple as this, and it is true that one can make a concrete mix with these ingredients, but the 

quality of the final product may be far from being the durable concrete construction member one is 

looking for.   

There are a couple of points that one has to bear in mind when designing high strength (HSC) or high 

performance concrete (HPC).  First, one needs to lower the water/cement ratio at least down to 0,32; by 

doing so one reduces the capillary porosity.  That may be achieved by introducing a good quality 

superplasticizer, and/or by use of supplementary cementitious materials either by addition or on a 

replacement basis.  Silica fume is a supplementary material which plays a big role in making the concrete 

mix not only stronger but also more durable.  What the silica fume particles do is to act as ball bearings 

between the cement particles and also attack the calcium hydroxide to form a secondary calcium silicate 

hydrate gel which improves the interface transition zone, which is the weak zone between the cement 

paste and the aggregates [3.1].  Another essential point is the coarse aggregate.  The coarse aggregate can 

become the weakest link in concrete when the strength of the hydrated cement paste is drastically 

increased by lowering the water/cement ratio.  In such cases concrete failure can start to develop within 

the coarse aggregate.  Furthermore it is not always practical to decrease the water/cement ratio below 

a certain level from a mechanical point of view, because the strength of the HPC will not significantly 

exceed the compressive strength of the aggregate.  But although the compressive strength is not 

increased by decreasing the water/cement ratio, the durability and the compactness of the HPC is 

improved [1.8]. 

It must be emphasized that the technology of HPC has shown us what Féret[3.2] expressed in his original 

formula for calculating the compressive strength of a concrete mixture; concrete’s compressive strength 

is closely related to the compactness of the hardened matrix. 
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3.2 Cement 
Danish rapid hardening Portland cement type CEM I 52.5 N, was used in this project.  Two deliveries of 

1500 kg big bags were delivered to The Innovation Center Iceland.  The first big bag was delivered in the 

beginning of 2009 and the second one in the beginning of 2010.  Results of chemical analysis are given in 

table 3.1.  Additional characteristics of the cement used are given in table 3.2.  The chemical analyses 

and additional results refer to the first delivery. 

Table 3.1.  Content of some chemical components in the cement used (%) 

 

Table 3.2.  Additional characteristics of CEM I 52.5 N 

 

 

3.3 Silica Fume 
The silica fume used in this project came from ElkemÍsland at Grundartanga.  Results of chemical 

analysis as well as some additional characteristics of the silica fume are presented in table 3.3.  Silica 

fume consists of micro-spheres which are able to fill the voids between the cement particles as the 

average size of these micro-spheres is smaller than 0.1 µm.  It is not recommended to use a high dosage 

of silica fume (>10% of binder) because of the resulting increase in water requirement of the concrete 

mix as well as the increase of brittleness.  This increase in brittleness is not relevant for low grade 

concretes (25 MPa) but with increased strength the brittleness increases [3.15].  In this project, however, a 

dosage of 6% and 12% silica fume (on binder basis) were used to see the effect of a normal dosage and 

that of an over dosage.  In all of the mix designs, the use of a superplasticizer was essential to 

compensate for the excessive water requirement caused by the high specific surface area of the silica 

fume.[1.2] 

Table 3.3.  Chemical analyses as well as some additional properties of the silica fume. 

 

 

 

 

 

Cement SiO2 Al2O3 Fe2O3 CaO SO3 Na2O C3S C2S C3A C4AF

CEM I 52,5 N 21,0 5,5 4,1 65,0 3,2 0,02 55 18 8 12

CEM I 52.5 N 27 423 3160 1100 34 66

Cement
Absolute density 

(kg/m3)

Bulk density 

(kg/m3)

2 days compressive 

strength (MPa)

28 days compressive 

strength (MPa)

Blain 

(m2/kg)

Water-demand 

(%)

H2O 

(%)

LOI 950 

(%)
C (%)

SiC 

(%)

<0.045mm 

(%)

SiO2 

(%)

Fe2O3 

(%)

Al2O3 

(%)

CaO 

(%)

MgO 

(%)

Na2O 

(%)

K2O 

(%)

P2O5 

(%)

SO3 

(%)
Cl (%)

Bulk density 

(kg/dm
3
)

0,4 0,93 0,87 0,65 1,07 97 0,13 0,21 0,18 0,21 0,14 0,56 0,07 0,2 0,04 0,64
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3.4 Aggregates 
Three types of aggregates were used in this project.  Aggregates from Björgun, both sand (0-8) and 

gravel (8-16), aggregates from Harðikambur, sand (0-8) and gravel (8-16) and also gravel (8-16) from 

Vatnsskarð.  The gravel from Vatnsskarð was incorporated with the sand (0-8) from Björgun.   

Roughly 70% of the volume of the mix is aggregate.  Therefore it is essential that the quality of the 

aggregate is good to achieve a high performance and durable concrete.  Unfortunately Icelandic 

aggregates are very porous and therefore it was decided to use three types of aggregates ranging in 

saturated surface dry water content from as high as 6,3% down to 1,4%.  The Porosity of the aggregates 

affect their water absorption and thereby the workability of the fresh concrete mix, as well as the 

properties of the hardened concrete, such as frost resistance and strength [1.2].  With regards to the 

particle size distribution when high performance or high strength concrete is designed, it is preferred 

that the sand ranging from sieve size 0,5 - 4 mm be as little as possible or have the distribution around 

35 - 40% on sieve size 4, without the possibility of segregation [3.3].  Two of the designed series had a 

particle size distribution on the 4 mm sieve of 38% being Harðikambur and Björgun but the particle size  

distribution on sieve size 4mm for the series where Björgun sand and Vatnsskarð gravel, is a bit over 

that or 45%. 

The aggregates from Björgun are excavated from the sea bed in Kollafjörður just outside Reykjavik.  The 

material is shipped ashore, then, sifted and washed.  The aggregate is a basalt type, partly solid and 

partly porous and also contaminated by shell debris.  The saturated surface dry water content of the 

Björgun aggregates was measured to be 2,8% for the gravel and 3,8% for the sand.  The aggregates from 

Harðikambur are excavated from a beach at Snæfellsnes, where it is also sifted and washed.  The 

Harðikambur aggregate is a basalt type, mainly solid but partly porous.  The saturated surface dry water 

content of the Harðikambur aggregates was measured to be 1,9% for the gravel and 1,4% for the sand.  

The gravel from Vatnsskarð is natural crushed gravel.  The mine is located just outside Reykjavík by 

Krýsuvíkurvegur.  The aggregate is a basalt type and a very porous material, the saturated surface dry 

water content of the gravel was measured to be 6,3%.  Both the Björgun and Vatnsskarð materials are 

very commonly used in concrete constructions in and around the capital Reykjavík, but Harðikambur 

material is mostly used by the Icelandic Road Administration and in special projects. 

Figure 3.1 displays the gravel portion and figure 3.2 the sand portion of the aggregates used in this 

study. 
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Figure 3.1.  Gravel used in this project.  From left to right; gravel from Björgun, Harðikambur and 

Vatnsskarð. 

 

Figure 3.2.  Sand used in this project.  From left to right; sand from Björgun and Harðikambur. 

Figure 3.3 displays the particle size distribution of the sand and gravel used in this project (left) as well 

as the combined particle size distribution of the three aggregates, Björgun, Harðikambur and Björgun + 

Vatnsskarð (right). 

 

Figure 3.3.  Particle size distribution of each of the aggregates (left), as well as their combined particle 

size distribution (right). 
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3.5 Additives 
Superplasticizers are chemical admixtures which are added to a concrete mix to achieve two key effects: 

(1) to reduce the amount of added water, hence the capillary porosity of the hardened cementitious 

material; and (2) to maintain a specific workability of the fresh concrete for a specific time, even at a low 

water/binder ratio.[3.4] 

Four types of additives were used in this project.  Two of them Glenium 51 and Omnicon SPC 25, are 

based on a unique carboxylic ether polymer with long lateral chains.  This greatly improves cement 

dispersion.  At the beginning of the mixing process it initiates the same electrostatic dispersion as a 

traditional superplasticizer, but the side chains linked to the polymer backbone generate a steric 

hindrance, which greatly stabilizes the cement particles’ ability to separate and disperse.  The 

mechanism provides flowable concrete with greatly reducing the water demand [3.5].   

The third, Optima 203, is a high range water reducing superplasticizer based on modified 

polycarboxylate.  It is particularly formulated to maintain high workability in presence of cement for 

which this specificity is difficult to obtain.   

The fourth admixture, a Mapeair 25 air entrainment, was used as reference on a couple of mix designs, 

mainly to see the difference of concretes without and with air entrainment.  Air entrainment is mainly 

used to counterattack freeze-thaw deterioration of concrete, but in some instances it can be used as a 

water reducer.  It is a surface active agent which promotes the formation of small air bubbles.  It should 

be noted that by adding 1 percent of air entrainment the compressive strength is reduced by 5 percent.  

Therefore this admixture is not suitable in high dosages when one is designing a high strength concrete. 

Additional characteristics of the additives are given in table 3.4. 

Table 3.4.  Additional characteristics of the additives used. 

 

 

 

 

 

Additive
Dry content 

(%)
Composition

Chloride 

content (%)

Glenium 51 36,2 Polycarboxylic ether < 0.1

Omnicon SPC 25 21,1 Polycarboxylic ether < 0.1

Optima 203 39,4 Polycarboxylic ether < 0.1

Mapeair 25 4,0 Air entrainment < 0.01
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3.6 Test Procedure 
Mixing was done in a Gustav Eirich pan mixer.  The maximum capacity that the mixer can handle is 

about 50 liters, but in this study 30 liters were sufficient material for all the measurements.  Testing 

started with the slump and slump flow test and immediately thereafter rheological measurements, both 

in the ConTec Viscometer and the Rheometer 4SCC, were carried out.  Once these tests were over the 

material was placed again in the mixer and remixed for 2 minutes.  That done, air content was measured 

and test pieces for measurements on hardened concrete were cast, in all two 150 mm cubes for freeze-

thaw resistance, two 100 mm x 200 mm cylinders for chloride penetration and three more cylinders of 

the same dimension for compressive strength measurements.  The time schedule for test procedure is 

given in table 3.5. 

Table 3.5.  Mixing and test procedure timetable. 

 

 

 

 

 

 

 

 

 

 

 

Time (min) Procedure

0 Aggregates, cement and silica fume added in the mixer and dry mixed

1 Water added into the mixer

3 Additives added into the mixer

7 Mixer stopped

9 Slump and slump flow measured

12 First rheological measurement

17 Second rheological measurement

20 Put in the mixer again and remixed

22 Air content measured

25 Samples cast
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3.7 Freeze-Thaw Measurements 
The freeze-thaw measurements were done according to the CEN/TR 15177 [3.6] standard, which is based 

on the Swedish standard SS 137244. 

For freeze-thaw resistance testing, two slices from each of the 150 mm cube specimens were sawn 

perpendicular to the top surface of the cube and three specimens out of these four were subjected to 

freeze-thaw attack in presence of a 3 mm deep layer of 3% sodium chloride (NaCl) solution. 

At (24 ± 2) hours after casting the specimen were removed from the moulds and placed in a bath of tap 

water having the temperature of (20 ± 2)°C until the specimen were 7 days old.  Then they were 

removed from the water bath and placed in a climate chamber of (20 ± 2)°C and a relative humidity of 

(65 ± 5)% where they were stored until the freeze-thaw test started.  This phase of drying is crucial, 

therefore the climate must be controlled to a high precision, as it has a big influence on the test results.  

If the samples are not dried, or if the samples are exposed to severe drying, the salt scaling seems to be 

enhanced; therefore, a moderate drying is used, which might represent real conditions in a reasonably 

good manner.  Specimens that are not dried contain water in interfaces and in other defects, and this 

water might cause trouble during the freeze-thaw test. By applying mild drying this water is got rid of 

and not regained when dried specimen is put in water again. [2.13]. 

Twenty-one days after the specimens were cast; two 50 mm thick slices were sawn from each cube, a 

total of 4 slices.  The cube was sawn perpendicular to the top surface and the saw cut in the middle is 

the cut that is subjected to testing.  Directly after sawing, the specimens were washed in tap water and 

excess water wiped of the surface subjected to testing.  The test specimens were then returned to the 

climate chamber. 

Twenty-five days after casting each test specimen was placed in a plastic box, after sealing all the sides 

and the bottom of the specimen with silicon putty, leaving the test surface free to be tested against 

freeze-thaw attack.  Again as soon as the specimens were ready they are placed in the climate chamber. 

Twenty-eight days after casting the specimen, the freeze-thaw test started with re-saturation of the 

specimen.  A 3 mm deep layer of de-ionized water was poured onto the test surface of each specimen 

and left for (72 ± 2) hours at a temperature of (20 ± 2)°C.  Not earlier than 15 minutes before the 

specimen was placed in the freezing chamber, the de-ionized water was removed and a 3 mm thick layer 

of a freezing medium, in this case a water solution of sodium chloride (NaCl) was placed onto the test 

surface.  The specimens were then placed in a thermally insulated box and the top is covered with a 

polyethylene sheet to prevent evaporation. 

Then the specimens were placed in the freezing chamber and the freeze-thaw cycles started.  The 

temperature of the freezing chamber was controlled so that the temperature of the freezing medium at 

the centre of the test surface fell between the two lines in figure 3.4.  The air temperature in the freezer 

was never to fall below -27°C. 
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The freeze-thaw curve should resemble the natural temperature variations in situ.  Accordingly the cycle 

duration should be 24 hours, since this resembles the daily temperature cycle in situ.  The minimum 

temperature is -20°C.  This can be assumed to be representative for most parts of Europe.  Other 

temperature cycles may suit better in some regions.  Furthermore the rate of cooling is of interest and 

should resemble the actual conditions as closely as possible.  The cooling rate should be about 1,5-

3°C/h, which is the maximum cooling rate found in most parts of the northern and central Europe.  By 

applying 56 cycles of freeze-thaw resistance one simulates the winter season in many parts of the 

northern and central Europe because during those 56 cycles the total time under zero degrees is about 

one month [3.16]. 

After 7, 14, 28, 42 and 56 cycles, the following procedure was followed for each specimen during the 

thawed phase of the solution. 

(a) The excess freezing medium was poured off and the scaled material washed away and collected 

from the test surface with tap water. 

(b) A fresh freezing medium was applied to the test surface. 

(c) The test specimen was returned to the freezing chamber at the point of cycle phase time (0 – 

30) min. 

 

Figure 3.4.  Allowed temperature fluctuation at the center of the test specimen through one cycle, 

temperature in °C as a function of time in hours. 
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3.8 Chloride Penetration Measurement 
The chloride penetration measurement was done according to the standard NT BUILD 492 [3.7]. 

Two cylindrical specimens with a diameter of 100 mm and height of 200 are needed to make one test 

which requires three 50 mm slices out of those two cylinders.  The cylinders were cut through the 

middle and then a 50 mm slice on each side.  The side that was cut in the middle of the cylinder was 

subjected to the sodium chloride solution (NaCl) while the other side was subjected to sodium 

hydroxide solution (NaOH). 

At (24 ± 2) hours after casting, the specimens were removed from the moulds and stored under water at 

a temperature of (20 ± 2)°C until the specimen were ready to be tested. 

The standard doesn’t say at which time the specimen should be tested nor does it state what is 

considered a good or bad concrete in terms of chloride ingress.  Therefore it was decided to test the 

specimen at 28 days. 

Twenty-six days after casting the specimens were taken out of the water bath and cut into 50 mm slices 

as described above; once they had been sawed they were returned to the water bath. 

Twenty-seven days after casting the specimens were taken out of the water bath, wiped free of excess 

water and left to dry (surface dry conditions).  Once they were surface dry they were put in a vacuum 

chamber for vacuum treatment, to which both the end surfaces were exposed, then the absolute 

pressure was reduced to a pressure in the range of 10-50 mbar and this vacuum maintained for three 

hours.  Then with the vacuum running the container was filled with saturated calcium hydroxide 

solution (Ca(OH)2) and the vacuum maintained for one further hour before allowing air to re-enter the 

chamber.  Then the specimens were kept in the solution for another (18 ± 2) hours.  This is done to 

avoid chloride ion uptake as a result of water absorption as well as to assure that all the specimens 

tested have the same degree of saturation [3.14]. 

After these preparations the test specimens were ready for the chloride penetration test, see figure 3.5 

(left).  Twelve liters of a 10% NaCl solution (e) is put into a plastic container (h) with dimensions 370 x 

270 x 280 mm, a thin stainless steel cathode (f) which rests on a plastic support (g) is put in the box 

along with the specimens (d), which have been put in a silicone rubber sleeve (a) and clamped together 

to hinder any leakage of the catholyte solution to the anolyte solution.  300 ml solution of 0,3 N NaOH 

(b) is put in the rubber sleeve, and on top of the specimen a thin stainless steel mesh anode (c) is placed.  

The anode and the cathode are connected to a power supply which has the capability of applying 0 – 60 

V DC.  The power is turned on and 30 V is applied to the specimens and the initial current is recorded.  

Depending on the current, i.e. the permeability of the specimen, the voltage has to be adjusted, the 

more permeable the specimen the less voltage is applied and vice versa.  Also the duration of the test is 

dependent on the permeability of the specimen, i.e. the less permeable the specimen, the more time 

the procedure needs, up to 96 hours for a very solid specimen.  The minimum time for the procedure (in 

case of very permeable specimens) is 6 hours.  Figure 3.5 (left) shows the arrangement of the CTH test in 

princip and in real life (right).  Once the test is finished the specimens are rinsed with tap water and 

wiped dry, immediately thereafter the specimens are split axially into two pieces and 0,1 M silver nitrate 



 
  
 DURABILITY OF NON AIR ENTRAINED CONCRETE  

25 
 

solution is sprayed on the split section.  Fifteen minutes later a white silver chloride precipitation is 

clearly visible on the split surface, and with the help of a slide ruler one can measure the penetration 

depth at 10 mm intervals to obtain seven penetration readings (both ends are ignored). 

From equation 3.1 one can calculate the non-steady-state migration coefficient Dnssm which gives the 

value times 10-12 m2/sec. 

Equation (3.1)                                                                %9::; � <,<��=· �>�?5"·@
 AB�"·� · CDE � 0,0238J �>�?5"·@·)KAB� L      

Where: 

U: Absolute value of the applied voltage, V; 

T: Average value of the initial and final temperature in the anolyte solution, °C; 

L: Thickness of the specimen, mm; 

xd: Average value of the penetration depths, mm; 

t: Test duration, hour.                                                               

 

Figure 3.5.  Arrangement of the migration set up (left) real setup (right). 

There are no acceptance criteria in the Icelandic building code about the chloride diffusion coefficient.  

“Tang Luping has given the following guidelines for the chloride diffusion coefficient D measured with 

the CTH method 28 days after casting: 

• D < 2∙10-12 m2/s: Very good resistance against chloride ingress. 

• D < 8∙10-12 m2/s: Good resistance against chloride ingress. 

• D < 16∙10-12 m2/s: Moderate resistance against chloride ingress. 

• D > 16∙10-12 m2/s: Not suitable for aggressive environment. 

For practical reasons, we need accept criteria at an early age (e.g. 28 days after casting),  though the 

diffusion coefficient at a later stage, e.g. one year after casting, is more relevant for the chloride ingress 

during the whole life of the structure” [2.18].  
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3.9 Rheological Measurements 

3.9.1 ConTec Viscometer 
The rheological measurements were carried out in a ConTec Viscometer 5 (see figure 3.6) which is 

designed for coarse particle suspension and is suitable for measuring the rheological properties of 

cement paste, mortar and concrete with about 120 mm slump or higher. 

The ConTec Viscometer is based on the Couette viscometer [3.8].  The principle is that the inner cylinder is 

stationary and measures torque while the outer cylinder rotates at variable angular velocity.  The 

instrument is user friendly and fully automatic, controlled by the PC software Freshwin.  Each test takes 

about 5 minutes from filling the container to emptying it.  During testing the material is exposed to 

shearing for about one minute.  The inner and outer cylinder has the same design as the well known 

ConTec BML Viscometer[3.9,3.10]. 

The measuring system used in this project is C-200 where C stands 

for concrete and 200 stands for the diameter of the inner cylinder 

of the system.  The outer diameter, i.e. the diameter of the bucket 

which contains the material is 290 mm.  The height of the material 

which comes into contact with the inner stationary cylinder has to 

be measured for each test, because it indicates the area which is 

under shear.  This parameter has to be put manually into the 

software system for calculations of the flow properties. 

The inner cylinder is made of three parts; the measuring unit, the 

bottom unit and the top ring.  The measuring unit is the only part 

that measures, whereas the bottom part and the top ring are fixed 

and will not influence the measurement, these parts serve to 

eliminate or minimize the bottom and top effect. 

The top ring is used to eliminate the effect of variable height of material which is subjected to shearing 

with the measuring unit, therefore the same height of material is always subjected to the measuring 

unit, hence the top effect.  In most cases the top ring is not used and the height measured and manually 

put in the software and recalculated. 

A complex three dimensional shearing occurs in the material at the bottom of the coaxial cylinder 

viscometer.  In the bottom zone, there is variable rate of shear for a given angular velocity.  Also, at the 

same location the material may not have reached equilibrium shear stress for a given angular velocity, 

but at the same time it could have reached equilibrium at the upper zone where two dimensional 

shearing exists. 

In shearing flow, concrete and other cement based materials like cement paste or mortar are usually 

considered as Bingham fluids, i.e. the material flow properties are characterized by two parameters, the 

yield value (τ0) and the plastic viscosity (µ). 

 

Figure 3.6.  ConTec Viscometer 5 
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3.9.2 Rheometer 4SCC 
Parallel to measurements in the ConTec Viscometer, measurements were carried out in a Rheometer 

4SCC [3.11,3.12,3.13], which is a device similar to the ConTec Viscometer, and measures the rheological 

properties of the material.  It is a so called rotating index system.  The impeller is immersed in the 

concrete and the current needed to rotate the impeller at a certain speed is measured.  These two 

instruments differ somewhat:  The Rheometer 4SCC is a portable device that can be used at the casting 

site; it measures the G-yield value (A) and the H-viscosity value (A·s) which is the current through the 

motor while the ConTec Viscometer measures the corresponding yield value (Pa) and the plastic 

viscosity (Pa·s), The G-yield value is a measure of the yield value and the H-viscosity value which is a 

measure of the plastic viscosity, that is, the G-yield value is formed by the yield value of the material as 

well as the geometrical form of the viscometer (i.e. of bucket and impeller), G=G(τ0, geometrical form). 

The same applies for the H-viscosity value, meaning that H=H(µ, geometrical form).  Ideally the physical 

units of G-yield value and H-viscosity value would be Nm and Nm·s, however in its current state, the 

Rheometer 4SCC provides units in A and A·s (A = “electrical resistance”, while Nm = mechanical 

resistance).  The values of G-yield value and the H-viscosity value can be converted to the corresponding 

Bingham parameters, i.e. the yield value (τ0) and the plastic viscosity (µ) by calibration constants 

determined by comparison to the ConTec Viscometer.  The diameter of the bucket is 230 mm, and the 

impeller used is not the same type as used for the ConTec Viscometer.  Because of the high viscosity and 

in some cases the stiffness of the concrete used in this project an impeller for segregation was used.  

This impeller is 50 mm high with two vanes at a fixed angle, which is designed to push coarse aggregates 

down. 

3.10 Additional Measurements 
Other measurements were carried out in this project: measurements on fresh concrete such as slump, 

slump flow, air content and density; and measurements on hardened concrete such as compressive 

strength and density.  The compressive strength was tested on cylinders with 100 mm diameter and 200 

mm height.  The samples were stored in the moulds for 24 hours at room temperature, immediately 

thereafter the samples were demoulded and stored in a wet climate at ~ 99% relative humidity until 

testing after 28 days.  
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4 Results 

4.1 Aggregates from Björgun 
A total of 38 mix designs were produced with aggregates from Björgun, and in two phases, phase I and 

phase II.  

In phase I, 24 mix designs were carried out in two stages; mixes designed as conventional vibrated 

concrete (CVC) and mixes designed as semi self compacting concrete (“Semi SCC”).   

In regard to the CVC mix designs, 11 mix designs were cast where the slump was to be in the range (200 

± 20) mm, although two of these (SM08 and SM13) did not satisfy this condition, SM08 having a slump 

of 245 mm and SM13 having a slump of 60 mm.  Nonetheless they were tested and regarded as CVC 

mixes.  The mix designs ranged from w/b ratio 0,41 down to 0,30 in four steps and the silica fume 

content was 0% (a blank mix), 6% and 12% of binder.  Table 4.1 and table 4.2 display the layout of the 

mix designs and the measurement results. 

In regard to the “Semi SCC” mix designs, 13 mix designs were cast where the slump was intended to be ( 

270 ± 20) mm.  All these mixes passed the required conditions.  The mix designs ranged from w/b ratio 

from 0,42 down to 0,29 in four steps with silica fume dosages of 0% (a blank mix) 6% and 12% of binder.  

One mix design was reproduced (SM18), a mix designed for w/b ratio of 0,39 and no silica fume. The 

reproduction (SM22) had w/b ratio of 0,385 and water content of 164 kg/m3 and the cement content 

was 426 kg/m3, while the original had a water content of 160 kg/m3 and cement content 412 kg/m3.  

Since the design called for water content around 160 kg/m3, SM18 was used for results.  Table 4.1 and 

table 4.2 display the layout of the mix designs and measurements results. 

In phase I, the only emphasis was on freeze-thaw resistance.  Later, when these mixes were finished it 

was decided to include chloride penetration as an additional durability factor in this project. 

Accordingly, this series was redone under phase II and chloride penetration test conducted. 

Additional information about the mix designs can be found in Appendix B. 
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Table 4.1.  Mix designs on phase I with aggregates from Björgun. 

 

Table 4.2.  Measurement results on samples in fresh and hardened state from the above mix designs. 

 

 

Mix Cement SF
Total 

binder
Water w/b-ratio w/c-ratio Silica fume

No. (kg/m
3
) (kg/m

3
) (kg/m

3
) (kg/m

3
) (%) of binder

SM01 407 0 407 162 0,409 0,409 0,0

SM02 417 0 417 149 0,389 0,389 0,0

SM03 382 24 406 162 0,408 0,434 5,9

SM04 357 49 406 161 0,406 0,462 12,1

SM05 391 25 416 148 0,368 0,392 6,0

SM06 367 50 417 149 0,367 0,417 12,0

SM07 440 28 468 149 0,334 0,355 6,0

SM08 407 56 463 148 0,333 0,379 12,1

SM12 544 0 544 159 0,297 0,297 0,0

SM13 513 33 546 163 0,306 0,324 6,0

SM14 471 64 535 159 0,307 0,349 12,0

SM09 553 0 553 151 0,300 0,300 0,0

SM10 509 33 542 149 0,292 0,311 6,1

SM11 476 65 541 149 0,290 0,330 12,0

SM15 456 0 456 147 0,344 0,344 0,0

SM16 431 28 459 142 0,339 0,361 6,1

SM17 404 55 459 142 0,332 0,378 12,0

SM18 412 0 412 143 0,388 0,388 0,0

SM19 412 0 412 164 0,419 0,419 0,0

SM20 391 25 416 166 0,420 0,446 6,0

SM21 361 49 410 163 0,417 0,473 12,0

SM22 426 0 426 152 0,385 0,385 0,0

SM23 400 26 426 152 0,383 0,408 6,1

SM24 373 51 424 151 0,380 0,432 12,0

CVC mix designs

"Semi SCC" mix designs

Mix Slump Slump flow Yield value Pl. viscosity

28 days 

compressive 

strength

Density

56 cycles 

freeze-thaw 

resistance

56/28 cycles 

freeze-thaw 

resistance

No. (mm) (mm) (Pa) (Pa s) (MPa) (kg/m
3
) (kg/m

2
)

SM01 180 113 130 73,5 2490 2,34 1,4

SM02 190 214 196 78,0 2506 1,39 1,2

SM03 180 173 127 74,7 2476 20,65 7,4

SM04 200 144 119 71,6 2472 5,35 3,5

SM05 180 267 174 83,0 2497 5,43 4,2

SM06 180 249 166 86,0 2497 2,57 2,9

SM07 200 550 220 89,8 2504 0,57 1,8

SM08 245 580 123 97 89,3 2496 0,96 2,0

SM12 210 663 183 82,1 2509 0,19 1,4

SM13 60 1113 119 82,3 2510 0,20 2,0

SM14 220 360 171 85 83,3 2455 0,55 2,3

SM09 255 680 189 192 84,2 2519 0,30 1,6

SM10 265 695 136 143 92,0 2525 0,39 1,9

SM11 265 660 52 108 91,9 2501 0,51 2,2

SM15 270 565 59 92 73,3 2496 1,96 1,7

SM16 270 570 109 122 73,9 2450 0,96 2,0

SM17 270 480 93 92 79,3 2479 2,06 2,4

SM18 270 600 74 118 63,4 2505 1,31 1,4

SM19 270 560 60 89 60,9 2480 8,74 2,1

SM20 270 575 64 72 71,4 2504 8,91 3,1

SM21 270 570 60 72 70,6 2460 11,52 4,6

SM22 270 625 87 127 67,4 2502 2,39 1,6

SM23 270 590 98 99 74,5 2486 6,22 3,0

SM24 270 620 55 77 76,4 2469 5,98 3,5

CVC mix designs

"Semi SCC" mix designs
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In phase II, 14 mix designs were cast with Björgun sand and gravel where the slump was intended to be 

(200 ± 20) mm.  All the mixes cast passed the required conditions.  The mix designs ranged from w/b 

ratio 0,36 down to 0,30 in four steps with silica fume dosages of 0% (a blank mix), through 6% and 12% 

of binder.  Mix designs LV11 and LV12 were tested but the results were not put together with the final 

results.  They were mainly used as an indication of promising starting points, such as content of 

superplasticizer and the probable workability of the mix designs. 

Table 4.3 and table 4.4 display the layout of the mix designs and measurement results. 

Additional information about the mix designs can be found in Appendix B. 

 

Table 4.3.  Mix designs on phase II with aggregates from Björgun. 

 

 

Table 4.4.  Measurement results on samples in fresh and hardened state from the above mix designs. 

 

 

 

Mix Cement SF
Total 

binder
Water w/b-ratio w/c-ratio Silica fume

No. (kg/m
3
) (kg/m

3
) (kg/m

3
) (kg/m

3
) (%) of binder

LV11 447 29 476 148 0,319 0,340 6,1

LV12 417 57 474 147 0,319 0,362 12,0

LV22 501 0 501 146 0,299 0,299 0,0

LV23 475 30 505 147 0,300 0,318 5,9

LV24 442 60 502 146 0,299 0,339 12,0

LV25 414 56 470 146 0,319 0,362 11,9

LV26 471 0 471 146 0,318 0,318 0,0

LV27 444 28 472 147 0,320 0,340 5,9

LV28 389 53 442 146 0,338 0,384 12,0

LV29 367 50 417 146 0,359 0,407 12,0

LV30 441 0 441 146 0,339 0,339 0,0

LV31 414 26 440 146 0,340 0,362 5,9

LV32 416 0 416 146 0,359 0,359 0,0

LV33 392 25 417 146 0,358 0,381 6,0

Mix Slump Slump flow Yield value Pl. viscosity G-value H-value

28 days 

compressive 

strength

Density

28 days 

chloride 

penetration

No. (mm) (mm) (Pa) (Pa s) (A) (A s) (MPa) (kg/m
3
) x 10

-12
 m

2
/s

LV11 205 370 260 172,3 0,42 1,85 93,8 2564 2,7

LV12 210 380 291 110,5 0,40 1,13 92,7 2546

LV22 210 435 137 234,1 0,16 2,68 91,8 2562 4,8

LV23 205 420 252 138,9 0,32 1,67 98,7 2556 2,6

LV24 200 380 247 100,4 0,47 1,29 99,2 2552 1,6

LV25 205 395 261 85,7 0,37 1,31 94,3 2547 2,0

LV26 210 460 132 145,8 0,20 2,52 87,6 2558 7,3

LV27 220 465 235 107,3 0,25 1,31 85,5 2563 4,1

LV28 210 415 266 96,0 0,42 1,04 88,0 2534 3,2

LV29 210 430 241 93,2 0,37 1,09 84,7 2537 3,4

LV30 210 445 227 195,1 0,23 2,60 84,5 2556 8,2

LV31 205 400 250 139,4 0,36 1,76 86,2 2552 3,9

LV32 205 465 121 124,6 0,37 2,70 80,5 2548 9,4

LV33 215 440 170 85,6 0,49 1,37 80,4 2544 4,9
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4.2 A Mixture of Björgun Sand and Vatnsskarð Gravel 
Eleven mix designs were cast containing a mixture of Björgun sand and Vatnsskarð gravel.  The slump 

was intended to be (200 ± 20) mm.  All the mixes cast passed the required conditions except one mix of 

design LV02 which had a slump of 230 mm.  That mix was nonetheless tested and included in the final 

results.  The mix designs ranged from w/b ratio 0,36 down to 0,30 in three steps with silica fume 

dosages of 0% (a blank mix), 6% and 12% of binder.  Mix designs LV02 and LV03 were tested and 

measured but were not put together with the final results.  They were mainly used to indicate promising 

starting points, such as content of superplasticizer and the probable workability of the mix designs. 

Table 4.5 and table 4.6 display the layout of the mix designs and measurement results. 

Additional information about the mix designs can be found in Appendix B. 

 

Table 4.5.  Mix designs containing aggregates from Björgun sand and Vatnsskarð gravel. 

 

Table 4.6.  Measurement results on samples in fresh and hardened state from the above mix designs. 

 

 

 

 

Mix Cement SF
Total 

binder
Water w/b-ratio w/c-ratio Silica fume

No. (kg/m
3
) (kg/m

3
) (kg/m

3
) (kg/m

3
) (%) of binder

LV01 418 0 418 147 0,359 0,359 0,0

LV02 393 25 418 146 0,357 0,380 6,0

LV03 422 0 422 149 0,360 0,360 0,0

LV04 398 26 424 149 0,359 0,382 6,1

LV05 367 50 417 147 0,360 0,409 12,0

LV06 461 0 461 148 0,328 0,328 0,0

LV07 428 27 455 147 0,330 0,351 5,9

LV08 403 55 458 148 0,331 0,376 12,0

LV09 504 0 504 148 0,302 0,302 0,0

LV10 470 30 500 146 0,300 0,319 6,0

LV21 437 60 497 145 0,300 0,341 12,1

Mix Slump Slump flow Yield value Pl. viscosity G-value H-value

28 days 

compressive 

strength

Density

56 cycles 

freeze-thaw 

resistance

56/28 cycles 

freeze-thaw 

resistance

28 days 

chloride 

penetration

No. (mm) (mm) (Pa) (Pa s) (A) (A s) (Mpa) (kg/m
3
) (kg/m

2
) x 10

-12
 m

2
/s

LV01 190 488 237,8 82,3 2462 3,8 2,7 11,1

LV02 230 425 234 131,4 0,30 1,55 86,7 2461 1,8 2,9 5,9

LV03 205 370 0,35 3,03 85,9 2456 2,2 2,5 10,8

LV04 195 370 345 168,1 0,42 1,48 89,0 2454 1,6 3,5 8,2

LV05 205 370 432 85,8 0,54 1,21 75,6 2441 1,2 2,8 6,0

LV06 210 390 413 234,9 0,42 3,08 87,9 2469 2,4 2,8 10,4

LV07 190 305 775 189,6 0,84 2,19 88,3 2460 0,4 3,2 6,3

LV08 205 365 363 110,2 0,49 1,27 84,7 2443 0,7 3,8 5,1

LV09 215 410 442 300,5 93,3 2473 0,5 2,1 10,0

LV10 205 375 450 164,7 0,55 2,27 99,7 2464 0,2 3,8 5,1

LV21 215 400 313 105,8 0,45 1,13 97,1 2440 0,3 4,4 3,9
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4.3 Aggregates from Harðikambur 
Twenty-six mix designs were cast containing Harðikambur sand and gravel.  The slump was intended to 

be (200 ± 20) mm, but because of the high viscosity of these mixes it was decided to raise the intended 

slump by 20 mm or up to (220± 20) mm.  All the mixes cast passed the required conditions except one, 

LV65, which had a slump of 265 mm.  Test results on mix LV65 along with mixes LV66 and LV70 were not 

included in the final results.  They were mainly used to indicate promising starting points, such as 

content of superplasticizer and the probable workability of the mix designs.  The mix designs ranged 

from w/b ratio 0,36 down to 0,26 in six steps with silica fume dosages of 0% (a blank mix), 6% and 12% 

of binder. 

Additionally 5 mix designs, LV87 – LV91 were cast where air entrainment was added to the mix.  The air 

content was to be in the range of 5-6%.  The main aim was to cast a concrete that had compressive 

strength corresponding to C25, C35 and C45.  The first two mixes contained too much air, having an air 

content of 7,1% and 6,9% in fresh state.  These mixes were redone and then the acquired air content 

was measured to 5-6% although air content counted on hardened sample was a bit less.  The mix 

designs had w/b ratio ranging from 0,54 to 0,41, and a total binder content ranging from 410 kg/m3 to 

310 kg/m3 while the water content was in the vicinity of 165 kg/m3. 

Table 4.7 and table 4.8 display the layout of the mix designs and measurement results. 

Additional information about the mix designs can be found in Appendix B. 

Table 4.7.  Mix designs containing aggregates from Harðikambur. 

 

 

Mix Cement SF
Total 

binder
Water w/b-ratio w/c-ratio Silica fume

No. (kg/m
3
) (kg/m

3
) (kg/m

3
) (kg/m

3
) (%) of binder

LV65 398 25 423 148 0,357 0,380 5,9

LV66 420 27 447 148 0,335 0,357 6,0

LV67 395 26 421 149 0,358 0,381 6,2

LV68 417 27 444 149 0,339 0,361 6,1

LV70 392 53 445 150 0,341 0,388 11,9

LV71 447 0 447 150 0,340 0,340 0,0

LV72 419 0 419 149 0,359 0,359 0,0

LV73 472 0 472 149 0,319 0,319 0,0

LV74 505 0 505 149 0,299 0,299 0,0

LV75 543 0 543 150 0,281 0,281 0,0

LV76 583 0 583 149 0,261 0,261 0,0

LV77 442 28 470 148 0,318 0,339 6,0

LV78 472 30 502 149 0,301 0,320 6,0

LV79 505 32 537 148 0,280 0,298 6,0

LV80 546 35 581 148 0,260 0,277 6,0

LV81 414 57 471 149 0,321 0,365 12,1

LV82 444 61 505 149 0,300 0,341 12,1

LV83 476 65 541 148 0,279 0,317 12,0

LV84 514 70 584 148 0,260 0,295 12,0

LV85 368 50 418 149 0,360 0,409 12,0

LV86 390 53 443 149 0,341 0,387 12,0

LV87 287 19 306 164 0,539 0,574 6,2

LV88 328 21 349 163 0,469 0,499 6,0

LV89 386 24 410 166 0,407 0,432 5,9

LV90 290 19 309 166 0,539 0,575 6,1

LV91 329 21 350 164 0,471 0,501 6,0
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Table 4.8.  Measurement results on samples in fresh and hardened state from the above mix designs. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Mix Slump Slump flow Yield value Pl. viscosity G-value H-value

28 days 

compressive 

strength

Density

56 cycles 

freeze-thaw 

resistance

56/28 cycles 

freeze-thaw 

resistance

28 days 

chloride 

penetration

No. (mm) (mm) (Pa) (Pa s) (A) (A s) (MPa) (kg/m
3
) (kg/m

2
) x 10

-12
 m

2
/s

LV65 265 630 43 42,3 0,11 0,39 3,9

LV66 230 430 151 55,0 0,33 0,72 3,5

LV67 210 360 197 56,6 0,49 0,72 90,2 2532 0,16 3,1 3,8

LV68 200 350 236 55,6 0,49 0,69 92,6 2546 0,08 3,2 3,5

LV70 220 380 220 36,6 0,50 0,60 90,3 2531 0,04 3,4 2,2

LV71 235 470 88 68,4 0,21 0,90 83,5 2561 0,34 2,6 7,7

LV72 210 395 161 75,1 0,31 0,86 82,9 2557 0,41 2,1 8,7

LV73 230 415 145 85,5 0,31 1,06 87,9 2557 0,13 1,8 8,0

LV74 210 375 184 104,4 0,36 1,31 87,4 2553 0,07 1,7 7,4

LV75 210 355 210 120,1 0,39 1,52 100,1 2566 0,01 3,3 5,7

LV76 210 365 140 164,7 0,29 1,77 104,9 2566 0,01 1,8 5,6

LV77 220 370 244 54,7 0,46 0,63 97,9 2545 0,04 5,0 3,5

LV78 210 340 297 61,6 0,54 0,77 98,3 2542 0,05 3,5 2,8

LV79 215 370 231 70,8 0,45 0,86 103,1 2553 0,01 2,0 2,6

LV80 225 385 198 75,6 0,38 0,94 107,5 2546 0,01 1,7 2,2

LV81 210 355 251 42,0 0,52 0,53 100,1 2535 0,05 8,0 2,3

LV82 200 365 259 44,4 0,51 0,57 100,6 2533 0,04 3,2 1,6

LV83 215 410 256 51,6 0,50 0,55 118,1 2545 0,01 1,3 1,7

LV84 220 410 221 55,8 0,44 0,69 109,1 2536 0,00 2,0 1,6

LV85 205 355 260 39,6 0,60 0,54 85,8 2520 0,12 5,9 2,7

LV86 205 350 266 46,9 0,55 0,48 98,2 2530 2,8

LV87 215 385 161 17,7 0,31 0,20 36,5 2333 0,01 1,2 10,5

LV88 205 380 226 17,8 0,41 0,17 40,7 2327 0,01 1,1 7,8

LV89 210 375 256 26,7 0,44 0,26 52,7 2420 0,03 2,4 6,0

LV90 210 385 176 20,2 0,34 0,17 44,1 2406 0,11 1,0 11,1

LV91 215 390 207 18,7 0,37 0,16 43,5 2398 0,03 1,3 8,5
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5 Discussion 

5.1 Freeze-Thaw Resistance 

5.1.1 Björgun Aggregates, Phase I 
In Iceland the recommended limits for scaling after 56 freeze-thaw cycles test is set to be less than 1 

kg/m2.  A secondary recommendation is that the ratio between scaling after 56 freeze-thaw cycles and 

28 freeze-thaw cycles should not exceed 2. 

 

Figure 5.1.  Scaling as a function of freeze-thaw cycles for different w/b ratios and no addition of silica 

fume, CVC (left) and SCC (right). 

Figure 5.1 concerns samples with no silica fume and displays the scaling as a function of the number of 

freeze-thaw cycles and different w/b ratios.  The left part of the figure refers to CVC and the right one to 

SCC.  The figure shows clearly that a frost resistant mix design can be achieved by lowering the w/b ratio 

to 0,30, irrespective of concrete type.  The other mixes (with w/b ratio 0,34 or higher) do not pass the 1 

kg/m2 limit. 

Figure 5.2 refers to mixes containing 6% silica fume on cement replacement basis.  It displays the scaled 

material as a function of freeze-thaw cycles with different w/b ratios, CVC to the left, SCC to the right.  

One can clearly see that by replacing 6% of the binder with silica fume, the amount of scaled material 

increases significantly for CVC with high w/b ratio such as 0,41 and 0,37 and the scaling growth can be 

described as slightly exponential.  In case of SCC the scaling is apparently linear so far but otherwise 

similar to that of CVC.  For lower w/b ratio such as 0,33 or 0,29 the samples pass the scaling test 

irrespective of concrete type, and the scaling is similar to that of the corresponding samples without 

silica fume. 
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Figure 5.2.  Scaling as a function of freeze-thaw cycles for different w/b ratios with 6% silica fume on 

cement replacement basis, CVC (left) and SCC (right). 

 

Figure 5.3.  Scaling as a function of freeze-thaw cycles for different w/b ratios with 12% silica fume on 

replacement basis, CVC (left) and SCC (right). 

Figure 5.3 refers to mixes containing 12% silica fume on cement replacement basis.  In case of CVC with 

high w/b ratio (0,41 or 0,37) the scaling increases exponentially with number of freeze-thaw cycles much 

alike as for corresponding mixes containing 6% silica fume.  However, the amount of scaling is distinctly 

lesser.  At lower w/b ratio (0,31 or 0,33) the scaling is definitely greater than for samples with 6% silica 

fume, barely passing the scaling limits.  As to the SCC containing 12% silica fume, the scaling is mostly 

linear with number of freeze-thaw cycles.  Only the mix with w/b ratio 0,29 passes the scaling limits.  

The scaling of mix with 0,33 w/b ratio is clearly more severe than for corresponding mix with 6% silica 

fume.  For other w/b ratios the difference is lesser. 
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Figure 5.4.  Scaling after 56 cycles as a function of the w/b ratio for different silica fume contents, CVC 

(left) and SCC (right). 

Figure 5.4 and 5.5 show the same graph of scaled material for different silica fume contents but figure 

5.4 shows it as a function of w/b ratio whereas figure 5.5 shows it as a function of w/c ratio.  Figure 5.4 

might be a little misleading as it indicates that adding silica fume on replacement basis does not 

contribute to the frost resistance.  For instance in case of CVC one can achieve a frost resistant mix 

without any addition of silica fume with w/b ratio of 0,36 but has to lower the w/b ratio to 0,34 for 6% 

silica fume and to 0,33 for 12% silica fume of binder.  When one looks at figure 5.5, again without 

addition of silica fume, frost resistance can be achieved at w/c ratio of 0,36 but by adding 6% silica fume 

on replacement basis one has to use w/c ratio of 0,36 which is the same as without addition of silica 

fume.  So in this case the silica fume did not contribute to the frost resistance, but for 12% silica fume 

(on replacement basis) the w/c ratio required to achieve frost resistance is 0,38 so in this case the silica 

fume contributes. 

 

Figure 5.5.  Scaling after 56 cycles as a function of the w/c ratio for different silica fume contents, CVC 

(left) and SCC (right). 
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As for SCC the w/b ratio and w/c ratio required to achieve frost resistance is 0,34 which is a little bit 

lower than for CVC.  By adding 6% of silica fume on replacement basis the w/b ratio needed for frost 

resistance is again 0,34 which is the same as without any addition of silica fume.  The corresponding w/c 

ratio is 0,36 which is significantly different from that without addition of silica fume, but still about the 

same as without silica fume for CVC.  By adding 12% silica fume on replacement basis the w/b ratio 

becomes 0,31 which is a significant change so one has to reduce the w/b ratio from 0,34 down to 0,31 to 

achieve the same frost resistance.  If one wants to use 12% silica fume instead of no silica fume, the w/c 

ratio to achieve frost resistance is 0,35 which is still better than the w/c ratio of 0,34 when no addition 

of silica fume is used, but nonetheless lower than the w/c achieved by 6% silica fume of binder.  One mix 

design which contained 0% silica fume of binder and had w/b ratio of 0,34, but is not included in these 

results as it was considered as an outlier in the graph, the results of this same mix design can be seen in 

the rheology section of this chapter. 

 

Figure 5.6.  Scaling after 56 cycles divided by scaling after 28 cycles as a function of silica fume (% of 

binder) for different w/b ratios, CVC (left) and SCC (right). 

Figure 5.6 displays the ratio between scaling after 56 freeze-thaw cycles and after 28 freeze-thaw cycles 

as a function of silica fume binder for different w/b ratios.  The left part refers to CVC and the right to 

SCC.  The CVC mixes that pass the scaling ratio criterion are all those which had no addition of silica 

fume as well as w/b ratios below 0,33 at both 6 and 12% silica fume of binder with the exception of w/b 

ratio of 0,31 and 12% silica fume of binder, so in all 6 mixes out of 11 pass this test for CVC.  In case of 

SCC only 5 mixes out of 12 pass the criterion, three with no addition of silica fume and two with 6% silica 

fume of binder.  These mixes have all a w/b ratio of 0,34 or lower except two without silica fume and 

w/b ratio of 0,38 for SCC and w/b ratio 0,41 for CVC. 

According to these results one can achieve a frost resistant CVC mix design by using w/b ratio of 0,33 

and 12% silica fume of binder on replacement basis and Glenium 51 as a superplasticizer, which in fact is 

a stiff mix and hardly workable.  A mix with w/b ratio of 0,34 and 6% silica fume of binder on 

replacement basis and Omnicon SPC 25 as a superplasticizer belongs to the SCC class, and is also frost 

resistant and a very workable mix. 
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5.1.2 A Mixture of Björgun Sand and Vatnsskarð Gravel 

 

Figure 5.7.  Scaling as a function of freeze-thaw cycles for different w/b ratios, no addition of silica fume 

(left) and 6% silica fume (% of binder) (right). 

 

Figure 5.8.  Scaling as a function of freeze-thaw cycles for different w/b ratios, 12% silica fume (% of 

binder). 

Figure 5.7 displays the scaling as a function of the number of freeze-thaw cycles and different w/b 

ratios.  The left part of the figure refers to no addition of silica fume whereas the right one refers to 6% 

silica fume (% of binder) on replacement basis.  The figure shows clearly that a frost resistant mix design 

can only be achieved by reducing the w/b ratio to 0,30 if no silica fume is present but when 6% silica 

fume is added to the system the w/b ratio can be below 0,33.  Other mixes do not pass the 

recommended 1 kg/m2criterium. 

Figure 5.8 again displays the scaling as a function of the number of freeze-thaw cycles, different w/b 

ratios and 12% silica fume (% of binder) on replacement basis.  Like the mix designs containing 6% silica 

fume (% of binder) frost resistance can be achieved by lowering the w/b ratio to 0,33.  The mix with w/b 

ratio 0,36 does not pass the recommended 1 kg/m2 limit. 
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Figure 5.9.  Scaling after 56 cycles as a function of the w/b ratio (left) and the w/c ratio (right) for 

different silica fume contents. 

Figure 5.9 displays the scaling after 56 cycles for different silica fume content.  The left part of the figure 

refers to w/b ratio and the right one to w/c ratio.  Contrary to mixes containing only Björgun aggregates, 

the silica fume contributes in this case significantly to the frost resistance.  With no addition of silica 

fume one can achieve frost resistance with w/b ratio or w/c ratio of 0,31, but by adding 6% silica fume 

on replacement basis, the w/b ratio can be raised to 0,345 and a bit further if 12% silica fume is added 

(on replacement basis) i.e. w/b ratio of 0,35.  For 6% and 12% silica fume (on replacement basis) the w/c 

ratio is 0,37 and 0,40 respectively, so in this case the silica fume contributes significantly to the frost 

resistance. 

 

Figure 5.10.  Scaling after 56 cycles divided by scaling after 28 cycles as a function of silica fume (% of 

binder) for different w/b ratios. 

Figure 5.10 displays the ratio between scaling after 56 freeze-thaw cycles and after 28 freeze-thaw 

cycles as a function of silica fume content for different w/b ratios.  No mix out of 9 mixes passes the 

recommended limit of 2, which indicates that the scaling is rising with increased cycles of freeze-thaw. 

Another concern is that this ratio is usually increasing with increased silica fume content, whereas 
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different w/b ratios do not have any effect to this ratio, i.e. the ratio is fairly similar whether the w/b 

ratio is 0,30, 0,33 or 0,36. 

According to these results one can not recommend any of these mix designs as a frost resistant one.  But 

if the ratio of scaling after 56 freeze-thaw cycles against scaling after 28 freeze-thaw cycles is ignored, 

one could recommend a mix design with the w/b ratio of 0,33 with either 6% or 12% silica fume of 

binder on replacement basis.  In this case one would rather recommend mix design with 12% silica fume 

of binder on replacement basis, as the plastic viscosity of that mix design is significantly lower, i.e. being 

a more workability friendly mix. 
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5.1.3 Harðikambur Aggregates 
Unfortunately the freeze-thaw chamber where mix designs including Harðikambur aggregates were 

tested did not work at full potential; instead of freezing to -18 to -22°C the freeze-thaw chamber only 

reached -14 to -15°C.  This resulted in far less scaling than expected, but still the results are used without 

any transformation.  The scaling was estimated at 10 to 15 times less than might be expected, so the 

scaling limits are reduced accordingly; instead of the usual 1 kg/m2 limit of scaled material, these are 

now set to 0,067 kg/m2.  Note that this limit is just a guess and the results should only be considered as 

indications. 

Another thing that was done differently in this case compared to the two other series discussed before 

is that the freeze-thaw cycles were doubled so instead of 56 freeze-thaw cycles they were increase to 

112. This was done to see if the scaling rate would decrease by time, but unfortunately because of the 

malfunction of the freeze-thaw chamber, it is not certain if that these results are liable. 

Also in the present series, 5 mixes were made including air entrainment.  This was done to see if there 

were any difference in the freeze-thaw resistance with and without air entrainment, but again because 

of the malfunction in the freeze-thaw chamber these results cannot be considered as reliable. 

 

Figure 5.11.  Scaling as a function of freeze-thaw cycles for different w/b ratios, no addition of silica 

fume (left) and 6% silica fume (% of binder) (right). 

Figure 5.11 displays the scaling as a function of the number of freeze-thaw cycles and different w/b 

ratios.  The left part of the figure refers to no addition of silica fume whereas the right one refers to 6% 

silica fume (% of binder) on replacement basis.  The figure shows clearly that a frost resistant mix design 

can only be achieved by lowering the w/b ratio down to 0,28 where no silica fume is present assuming 

the scaling limit after 56 freeze-thaw cycles to be 0,067 kg/m2.  When 6% of binder is replaced by silica 

fume the w/b ratio can be below 0,32 again assuming the above mentioned scaling limit after 56 freeze-

thaw cycles.  Other mixes do not pass the assumed scaling limit. 
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Figure 5.12.  Scaling as a function of freeze-thaw cycles for different w/b ratios, mixes with 12% silica 

fume (% of binder). 

Figure 5.12 again displays the scaling as a function of the number of freeze-thaw cycles and different 

w/b ratios, now with 12% silica fume (% of binder) on replacement basis.  In this case all except one mix 

design pass the assumed scaling limit after 56 freeze-thaw cycles which is 0,067 kg/m2 and that mix has 

w/b ratio 0,36. 

 

Figure 5.13.  Scaling as a function of freeze-thaw cycles for different w/b ratios, and different air content. 

Figure 5.13 displays the scaling as a function of the number of freeze-thaw cycles and different w/b 

ratios for mixes containing different amount of air entrainment, all with 6% silica fume part of binder.  In 

this case all except one mix design pass the assumed scaling limit after 56 freeze-thaw cycles (0,067 

kg/m2) and that mix design has w/b ratio of 0,54 and 5,2% air entrainment.  That mix design is a 

repetition of a mix design tested earlier having too much air content or 7,1% and passed the assumed 

scaling limit. 
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Figure 5.14.  Scaling after 56 cycles as a function of the w/b ratio (left) and the w/c ratio (right) for 

different silica fume content. 

Figure 5.14 displays the scaling after 56 cycles for different silica fume content.  The left part of the 

figure refers to w/b ratio and the right one to w/c ratio.  Assuming the scaling limits after 56 freeze-thaw 

cycles to be 0,067 kg/m2 it can be assumed that for a mix design not containing any silica fume the w/b 

ratio or w/c ratio has to be 0,30 or lower to ensure frost resistance.  Yet, by adding 6% silica fume on 

replacement basis the w/b ratio can be raised to 0,335 and a bit further, to 0,35 if 12% silica fume is 

added on replacement basis.  If 6% and 12% silica fume is added on replacement basis, the w/c ratio 

becomes 0,36 and 0,40 respectively, so in this case the silica fume addition contributes to the freeze-

thaw resistance significantly. 

 

Figure 5.15.  Scaling after 56 cycles as a function of the w/b ratio (left) and the w/c ratio (right) for 

different silica fume content. 

Figure 5.15 displays the scaling after 56 cycles for different mix designs containing different amount of 

air entrainment.  All mix designs contain 6% silica fume of binder on replacement basis.  The left part of 

the figure refers to w/b ratio and the right one to w/c ratio.  Assuming the scaling limits after 56 freeze-

thaw cycles to be 0,067 kg/m2, it can be assumed that the w/b ratio has to be 0,51 for the mix to be 
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frost resistant, and the w/c ratio 0,54 for mixes containing  5 – 6% air content to achieve frost resistant.  

But by adding additional 2% of air entrainment to the mix, one can ensure frost resistant, as seen in 

figure 5.15, for mix designs containing 7% air entrainment.  Again because of the malfunction of the 

freeze-thaw chamber it is not certain if these results had been obtained if the testing chamber had 

operated properly. 

 

Figure 5.16.  Scaling after 56 cycles divided by scaling after 28 cycles as a function of the w/b ratio for 

different silica fume content to the left and different air content to the right. 

Figure 5.16 displays the ratio between scaling after 56 freeze-thaw cycles and after 28 freeze-thaw 

cycles as a function of the w/b ratio at different silica fume binder contents, without air entrainment to 

the left and with air entrainment to the right.  As concerns mix designs with no air entrainment, all mix 

designs having w/b ratio of 0,26 pass the conjectured recommendations.  Further, mixes containing no 

silica fume and w/b ratios of 0,30 and 0,32 as well as a mix design with 12% silica fume of binder and a 

w/b ratio of 0,28 pass the conjectured recommendation.  Thus only 6 mix designs out of 18 pass the 

conjectured recommendation which is not a good statistic.  However, all mixes containing air 

entrainment pass the conjectured recommendation except one which has a w/b ratio of 0,41 and ~5-6% 

air entrainment.  Accordingly, 4 out of 5 mix designs in this class pass the conjectured recommendation 

which indeed is a good statistic. 
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5.2 Chloride Penetration 

5.2.1 Björgun Aggregates, Phase II 
There are no acceptance criteria in the Icelandic building code regarding the chloride diffusion 

coefficient.  But as stated earlier, Tang Luping has presented guidelines for the chloride diffusion 

coefficient, measured by the CTH method 28 days after casting.  These guidelines will be referred to in 

the following results. 

 

Figure 5.17.  Chloride diffusion coefficient as a function of the w/b ratio for different silica fume contents 

(% of binder). 

As depicted in figure 5.17 the chloride diffusion coefficient decreases with decreasing w/b ratio; for a 

concrete not containing any silica fume this reduction is around 8-9% for each 0,01 reduction in w/b 

ratio.  Also interesting is the reduction achieved by adding silica fume into the system. One can reduce 

the chloride diffusion coefficient even more.  By applying only 6% silica fume of binder one can reduce 

the chloride diffusion coefficient; in this case by 8% on the average for each added percent of silica fume 

up to 6%.  The relative reduction falls off with increased silica fume, but the effect still persists.  With 

these results it can be seen that concrete mixes with the w/b below 0,32 and containing 12% silica fume 

of binder have very good resistance against chloride ingress, and would serve very well in aggressive 

environment.  The other mixes are considered to have a good resistance against chloride ingress except 

mixes containing a w/b ratio of 0,34 or higher and no introduction of silica fume, which have a moderate 

resistance to chloride ingress. 

Appendix A displays the chloride penetration profiles. 
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5.2.2 A Mixture of Björgun Sand and Vatnsskarð Gravel 
 

 

Figure 5.18.  Chloride diffusion coefficient as a function of the w/b ratio for different silica fume contents 

(% of binder). 

As depicted in figure 5.18 the chloride diffusion coefficient decreases with decreasing w/b ratio; when 

looking at the decrease in chloride diffusion coefficient with regard to the w/b ratio, the reduction is 

around 6% on the average for each 0,01 reduction in w/b ratio with the exception of the mix designs not 

containing any silica fume of binder.  In that case the corresponding reduction is about 1,8%.  Of further 

interest is the reduction achieved by adding silica fume into the system.  One can reduce the chloride 

diffusion coefficient even more; by applying only 6% silica fume of binder one can reduce the chloride 

diffusion coefficient by 6% on the average for each added percent of silica fume.  After that, the 

reduction falls off with increased silica fume, and for silica fume content in the range between 6% to 

12%, the reduction is about 4% per each percent of silica fume added.  From these results it can be seen 

that none of these mixes can be considered having a very good resistance against chloride ingress, 

although mixes containing 12% silica fume of binder and mix designs containing 6% silica fume of binder 

and a w/b ratio of 0,33 or lower may be considered to have a good resistance against chloride ingress. 

Mix designs that contain no silica fume and those which contain 6% silica fume of binder and a w/b ratio 

of 0,36 and higher may be considered as having moderate resistance to chloride ingress. 

Appendix A displays the chloride penetration profiles. 
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5.2.3 Harðikambur Aggregates 
 

 

Figure 5.19.  Chloride diffusion coefficient as a function of the w/b ratio for different silica fume contents 

(% of binder). 

As depicted in figure 5.19 the chloride diffusion coefficient decreases with decreasing w/b ratio; when 

looking at the decrease in chloride diffusion coefficient with regard to the w/b ratio, the reduction is 

around 4% on the average for each 0,01 reduction in w/b ratio with or without silica fume.  The effect of 

silica fume addition into the system is of further interest; one can reduce the chloride diffusion 

coefficient even more.  Thus, by applying only 6% silica fume of binder one can reduce the chloride 

diffusion coefficient by 9,5% on the average for each added percent of silica fume.  The reduction falls 

off with increased silica fume and in this case the average reduction in chloride diffusion coefficient is 

about 5% when silica fume changes from 6% to 12% of binder.  From these results it can be seen that 

mix designs containing 12% silica fume of binder on replacement basis and with a w/b ratio below and 

including 0,30 have a very good resistance against chloride ingress.  All other mix designs in this test 

series are considered to have a good resistance against chloride ingress except a mix designs containing 

no silica fume and having w/b ratio of 0,36 which is deemed to have a moderate resistance against 

chloride ingress.  

Appendix A displays the chloride penetration profiles. 
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Figure 5.20.  Chloride diffusion coefficient as a function of the w/b ratio for 6% silica fume content (% of 

binder) with and without air entrainment. 

Figure 5.20 displays the difference in chloride diffusion coefficient between mixes with and without air 

entrainment.  The solid red line displays the chloride diffusion coefficient without any air entrainment 

while the other dots show the chloride diffusion coefficient for mixes containing air entrainment ranging 

from 4,5 to 8,5% air entrainment.  Note that these air content determinations were made on hardened 

samples; the air content measured on fresh concrete was a bit higher, in all cases above 5%.  All mixes 

included 6% silica fume of binder on replacement basis.  

These mix designs were intended to fulfill certain compressive strength classes, C25, C35 and C45, but 

unfortunately the strength was in all cases a bit higher or in the range of 36,5 – 52,7 MPa.  The Icelandic 

building codes state that the cement or binder content cannot be lower than 300 kg/m3, therefore a 

dilemma emerged concerning the water content.  Applying compressive strength class of C25 demanded 

a w/c ratio of 0,54, and therefore with 150 kg/m3 water the cement content or total binder had to be 

278 kg/m3, not fulfilling the requirements of the building code, therefore the water content had to be 

raised.  All the mix designs done without air entrainment had a water content of 150 kg/m3, while the 

mixes containing air content had a water content of 165 kg/m3, i.e. difference of 15 kg/m3.  This increase 

affects the permeability of the mix design and increases the chloride diffusion coefficient.  Therefore the 

results obtained with and without air entrainment are not comparable. 

Concerning air entrained mixes, the chloride diffusion coefficient decreases with strength class 

increasing from C25 to C45.  Two mix designs are considered as having a good resistance against 

chloride ingress; these are mixes in the C45 strength class and a mix design in the C35 strength class 

with increased air content or 8,5% air content, which is relatively high.  Other mix designs are 

considered as to have a moderate resistance against chloride ingress.   

The chloride ingress seems to decline linearly with decreasing w/b ratio in mixes containing no air 

entrainment.  The same tendency is observed for mixes containing air entrainment and increasing 

compressive strength.  It is interesting though that the slope is steeper for mixes containing air 

entrainment and it might be interesting to see what happens in higher compressive strength classes, say 

C60 or higher.  Would these two lines intercept or would mixes containing air entrainment flatten out at 

some point? This is something that should be investigated further. 
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5.3 Compressive Strength 

5.3.1 Björgun Aggregates, Phase I 
The 28 days compressive strength was tested on cylinders Ø100 x 200 mm, from each mix design.  The 

results are displayed in figure 5.21.  For each mix design three samples were tested and the standard 

deviation for these 24 mix designs ranged from 0 to 4 MPa for CVC and 0 to 6 MPa for SCC.  A correction 

factor, 0,95 was applied to convert the results to those expected for a cylinder of standard dimensions, 

i.e. 150 in diameter and 300 mm in height. 

As one can see from figure 5.21 (left) the compressive strength of CVC is very similar for different silica 

fume content at w/b ratio 0,41.  At w/b ratio 0,37-0,39 there is a noticeable increase (up to 6,5%) in 

compressive strength with increasing silica fume content.  This tendency persists at lower w/b ratio such 

as 0,31 and 6% silica fume of binder, where the increase is up to 12,5%.  This tendency is not the same 

for 12% silica fume of binder, yet it seems as the compressive strength is increasing with lower w/b 

ratio.  The fluctuations in compressive strength at w/b ratio around 0,30 might be solely due to very stiff 

mix (yield value ~ 1200 Pa), which is very difficult to pack into the moulds. 

Figure 5.21 (right) displays the 28 days compressive strength of the SCC samples as a function of w/b 

ratio and silica fume content.  Generally, the compressive strength increases with silica fume content; by 

adding 6% silica fume to binder (on replacement basis), the increase in strength is from 8,2% up to 

17,2% depending on the w/b ratio used. 

 

Figure 5.21.  28 days cylinder compressive strength as a function of w/b ratio and silica fume contents 

(CVC to the left and SCC to the right). 
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5.3.2 Björgun Aggregates, Phase II 
Figure 5.22 displays the 28 days compressive strength as a function of w/b ratio for different amount of 

silica fume in binder on replacement basis.  It can be seen that by decreasing the w/b ratio the 

compressive strength increases significantly.  There is one outlier which relates to a mix design with 6% 

silica fume of binder and a w/b ratio of 0,32.  Two repetitions were made which gave results more in line 

with the general trend.  On average the increase in compressive strength is about 0,7% for each percent 

of silica fume added up to 6% silica fume addition.  This increase falls off when silica fume content is 

increased further and then the increase in compressive strength is 0,4% on average for each percent of 

silica fume of binder in the 6% to 12% range. 

Furthermore when one looks at mixes with no added silica fume the compressive strength increases by  

11,3% when the w/b ratio changes from 0,36 to a w/b ratio of 0,30 which is a 1,9% increase for each 

0,01 reduction in w/b ratio.  Correspondingly, for mix designs containing 6% silica fume of binder this 

increase is 18,3% or 3,1% for each 0,01 reduction in w/b ratio.  For mix designs containing 12% silica 

fume this increase is 14,5% or 2,5% for each 0,01 reduction in w/b ratio. 

The more the w/b ratio is decreased, the more the gap in compressive strength tends to widen between 

mixes containing silica fume and those with no silica fume.  Another interesting feature is that when the 

w/b ratio is decreased the gap between a mix with 6% silica fume and a mix with 12% silica fume seems 

to shrink, suggesting that 12% silica fume of binder doesn’t improve the compressive strength further.   

 

Figure 5.22.  28 days cylinder compressive strength as a function of w/b ratio and silica fume contents. 
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5.3.3 A Mixture of Björgun Sand and Vatnsskarð Gravel 
Figure 5.23 displays the 28 days compressive strength as a function of w/b ratio for different amount of 

silica fume of binder on replacement basis.  It can be seen that by decreasing the w/b ratio the 

compressive strength increases significantly.  Further, at higher w/b ratio (0,33 to 0,36) and mix designs 

including 12% silica fume of binder, the strength drops below the compressive strength of mixes not 

containing any silica fume of binder, and is always below compressive strength of mixes containing 6% 

silica fume of binder.  This suggest that either the compaction of the cylinders was not good enough or 

the system can only absorb limited amount of silica fume before it starts to be ineffective, since all the 

cylinders were well compacted and the workability of the mix designs was good compared to mixes 

containing 6% silica fume or no silica fume at all.  It seems that as the second option is more liable.  On 

the average the increase in compressive strength is about 0,7% for each percent of silica fume added 

into the system up to 6% of added silica fume.  Further addition results in reduced compressive 

strength; reduction by adding another 6% i.e. 12% silica fume into the system reduces the compressive 

strength on the average by -1,1% for each percent of silica fume added. 

Furthermore when one looks at mixes with no silica fume, one can increase the compressive strength by 

14,0% by changing the w/b ratio from 0,36 to 0,30 which is a 2,3% increase for each 0,01 reduction in 

w/b ratio.  For mixes containing 6% silica fume of binder this increase is 22,8% or 3,8% for each 0,01 

reduction in the w/b ratio and for mix designs containing 12% silica fume this increase is 17,1% or 2,9% 

for each 0,01 reduction in the w/b ratio from 6% to 12% silica fume of binder. 

For the series where Björgun aggregates in phase II were used, one can see that the gap in compressive 

strength between no silica fume and 6% silica fume of binder widens with decreasing w/b ratio.  In the 

present case this tendency can’t be detected, the lines seem to follow a rather similar pattern.  But a 

pattern can be detected for the gap in compressive strength between mixes containing 6% silica fume 

compared to mixes containing 12% silica fume, i.e. when the w/b ratio is decreased the gap between 

mixes containing 6% silica fume and a mixes containing 12% silica fume seems to shrink. 

 

Figure 5.23.  28 days cylinder compressive strength as a function of w/b ratio and silica fume contents. 
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5.3.4 Harðikambur Aggregates 
Figure 5.24 displays the 28 days compressive strength as a function of the w/b ratio for different amount 

of silica fume of binder on replacement basis (to the left) and mixes containing different air entrainment 

(to the right).  It can be seen that by decreasing the w/b ratio the compressive strength increases 

significantly.  Interesting though is that at w/b ratio between 0,30 and 0,32 the change in compressive 

strength seems to vanish irrespective of silica fume level.  By decreasing the w/b ratio further down to 

0,28 the compressive strength increases again significantly, but it seems as by decreasing the w/b ratio a 

bit further or down to 0,26 the compressive strength decreases again at least for mixes containing silica 

fume.  This may suggest that there isn’t enough water in the mix to activate the silica fume.  On the 

average the increase in compressive strength is about 1,3% for each percent of silica fume added to the 

system for the first 6% added.  There is a further increase in compressive strength by adding another 6% 

i.e. 12% silica fume into the system; on average 0,6% for each added percent of silica fume of binder in 

the range 6% to 12%.  This is no great increase and suggests that the maximum effect of silica fume 

content is reached.   

Furthermore when one looks at mixes with no silica fume added, one can increase in compressive 

strength by 26,5% by changing the w/b ratio from 0,36 to 0,26; this amounts to 2,7% increase for each 

0,01 reduction in w/b ratio.  Concerning mix designs containing 6% silica fume of binder this increase is 

19,2% or 2,0% for each 0,01 reduction in w/b ratio.  For mix designs containing 12% silica fume this 

increase is 27,2% or 2,8% for each 0,01 reduction in w/b ratio. 

For the series where Björgun aggregates in phase II were used, one can see that the gap in compressive 

strength between no silica fume and 6% silica fume of binder widens with decreasing w/b ratio.  In the 

present case this tendency can’t be detected, the lines seem to follow a rather similar pattern, 

irrespective of mixes containing no silica fume are compared to mixes containing 6% silica fume or mixes 

containing 12% silica fume.  The only difference is seen at w/b ratio 0,26 where mixes containing silica 

fume seem to drop significantly in compressive strength. 

As expected, air entrainment reduces the compressive strength significantly.  But the compressive 

strength is a bit higher than expected; the mixes were designed to comply to C25, C35 and C45. 

 

Figure 5.24.  28 days cylinder compressive strength as a function of w/b ratio and different silica fume 

contents(to the left) and different air entrainment (to the right). 
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5.4 Rheology Measurments 

5.4.1 Björgun Aggregates, Phase I 
Generally when w/b ratio is lowered, both the yield value and the plastic viscosity increase.  This is valid 

within the limits of the measuring device.  Figure 5.25 shows yield value and plastic viscosity as a 

function of w/b ratio for different silica fume content, applied to CVC.  For instance 0%, 6% and 12% 

silica fume of binder the yield value and plastic viscosity increase from w/b ratio ranging from 0,41 to 

0,37 and then flattens out or decrease in case of 0% and 12% silica fume, suggesting a plug in the 

system, i.e. the measuring device has reached its limit.  In case of 6% silica fume content the yield value 

and the plastic viscosity increases with decreased w/b ratio ranging from 0,41 – 0,36 only reaching 200 

Pa in yield value and ~170 Pa·s in plastic viscosity but after that the plastic viscosity and the yield value 

drop significantly with decreasing w/b ratio in the 0,36 – 0,31 range.  This is not due to a plug in the 

system; this type of outlier signals something different, which is yet to be identified. 

Figure 5.26 displays the same rheological tendency as mentioned before, but for SCC, the only 

difference is that the values of the yield value are much lower.  One sees the same trend as before, i.e. 

with decreased w/b ratio both the yield value and the plastic viscosity increase.  However there are two 

outliers.  One concerns mix which does not contain any silica fume; at w/b ratio of 0,34 (SM15) both the 

yield value and the plastic viscosity drop significantly.  This could be because of the low dosage of 

additive, the slump flow is 565 mm (SM15) whereas the points surrounding it (SM22 and SM09) had a 

slump flow of 680 mm and 625 mm, this same outlier is encountered in the frost resistance 

measurements chapter earlier.  The other outlier concerns mix containing 12% of silica fume at a w/b 

ratio of 0,29 which could be due to too stiff mix. 

 

Figure 5.25.  Yield value and plastic viscosity as a function of the w/b ratio for different silica fume 

content for CVC. 
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Figure 5.26.  Yield value and plastic viscosity as a function of the w/b ratio for different silica fume 

content for SCC. 
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5.4.2 Björgun Aggregates, Phase II 
Figure 5.27 displays the yield value and the plastic viscosity as a function of w/b ratio for different silica 

fume content.  In this case for mix designs without silica fume there is a drop in the yield value when the 

w/b ratio changes from 0,34 through 0,32 to 0,30. This is due to the fact that the yield value has reached 

the limit of which the ConTec Viscometer can measure.  The viscosity of these mixes is very high, at least 

for the mix design with a w/b ratio of 0,30. 

By adding silica fume into the system one can make the mix designs more workable even at very low 

w/b ratios.  One can, for instance by introducing 6% silica fume of binder into the system reduce the 

plastic viscosity on the average by 5,4% for each added percent of silica fume up to 6%.  But at low w/b 

ratio, for instance 0,30, this reduction is 6,9% for each added percent of silica fume up to 6%.  The 

reduction is less in the range from 6 to 12% silica fume but still there is a reduction of 4,3% on the 

average for each added percent of silica fume. 

Usually when silica fume is introduced in a concrete batch the plastic viscosity reduces significantly while 

the yield value stays the same.  This is valid up to a certain limit of silica fume addition.  Then the plastic 

viscosity and yield value increase significantly.  This is valid in regard to the plastic viscosity, but the yield 

value does increase somewhat as can be seen in figures 5.27 to 5.29.  For mix designs containing silica 

fume the yield value increase a bit compared to the mix designs not containing any silica fume.  This is 

also partly due to the fact that the same slump value was aimed at for all mix designs, but that doesn’t 

necessarily mean that the slump flow is the same in reality.  It is not easy to achieve in reality the slump 

one is aiming at. 

Figure 5.28 displays rheological measurement results obtained by a Rheometer.  In this case they didn’t 

compare well with those obtained by the ConTec Viscometer, mainly due to the fact that these mix 

designs were very viscous, resulting in a very stiff mix design, although the plastic viscosity and the H-

value can be are comparable for mix designs containing silica fume. 

 

Figure 5.27.  Yield value and plastic viscosity as a function of the w/b ratio for different silica fume 

content. 
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Figure 5.28.  G-value and H-value as a function of the w/b ratio for different silica fume content. 

 

Figure 5.29.  Slump flow and slump as a function of the w/b ratio for different silica fume content. 
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5.4.3 A Mixture of Björgun Sand and Vatnsskarð Gravel 
Figure 5.30 displays the yield value and the plastic viscosity as a function of w/b ratio for different silica 

fume content.  The reduction in plastic viscosity for a mix design without silica fume in a w/b ratio range 

of 0,30 to 0,36 is 20,9% or 3,7% for each 0,01 increase in w/b ratio.  For some mixes containing silica 

fume, for instance in case of 6% silica fume, there is no reduction, but again one sees a reduction in case 

of 12% silica fume of binder, of 19,1% or 2,8% for each 0,01 increase in w/b ratio.  By increasing the w/b 

ratio from 0,30 to 0,36 one makes the mix design more workable but also more permeable and less 

durable.  The silica fume is introduced into the system to make it more workable and it works even at 

very low w/b ratios and also makes it more durable.  For instance by adding 6% silica fume (of binder) 

one can reduce the plastic viscosity by 5,2% on the average for each percent of added silica fume.  The 

reduction is even more prominent when the silica fume content is changed from 6% to 12%, or 7,0% on 

the average for each added percent of silica fume. 

Usually when silica fume is introduced in a concrete batch the plastic viscosity reduces significantly while 

the yield value stays the same.  This is valid up to a certain limit of silica fume addition.  Then the plastic 

viscosity and yield value increase significantly.  There is one mix design that has a lower slump than the 

other mix designs, and therefore this mix design has a relative low slump flow, see figure 5.32.  That mix 

design has 6% silica fume of binder and a w/b ratio of 0,33.  The yield value increases to 800 Pa.  In other 

cases the yield value is pretty stable while the plastic viscosity decreases with increased silica fume 

content, as expected.  Interesting though is that the yield value and G-value figures are almost a mirror 

image of the slump flow figure, as indeed expected. 

Figure 5.31 displays rheological measurement results obtained by a Rheometer.  The results are very 

similar to those obtained by the ConTec Viscometer, thus demonstrating that the two measurement 

techniques give comparable results. 

 

Figure 5.30.  Yield value and plastic viscosity as a function of the w/b ratio for different silica fume 

content. 
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Figure 5.31.  G-value and H-value as a function of the w/b ratio for different silica fume content. 

 

Figure 5.32.  Slump flow and slump as a function of the w/b ratio for different silica fume content. 
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5.4.4 Harðikambur Aggregates 
Figure 5.33 displays the yield value and the plastic viscosity as a function of w/b ratio for different silica 

fume content.  The reduction in plastic viscosity for a mix design without silica fume in a w/b ratio range 

of 0,26 to 0,36 is 54,5% or 5,6% for each 0,01 increase in w/b ratio.  The reduction is less for mixes 

containing silica fume.  In case of 6% silica fume content the reduction is 25,1% or 2,6% for each 0,01 

increase in w/b ratio, and for 12% silica fume of binder it is 29,0% or 2,9% for each 0,01 increase in w/b 

ratio.  By increasing the w/b ratio from 0,26 to 0,36 one is making the mix design more workable but 

also more permeable and less durable.  The silica fume is introduced into the system to make it more 

workable and it works even at very low w/b ratios but also makes it more durable.  For instance by 

adding 6% silica fume (of binder) one can reduce the plastic viscosity by 6,0% on the average for each 

added percent of silica fume.  This reduction is even more prominent at very low w/b ratios; for w/b 

ratio of 0,26 this reduction is 9,0% for each added percent of silica fume.  There can even be further 

reduction of the viscosity in the range 6 to 12% silica fume, on the average 4,7% for each added percent 

of silica fume. 

Usually when silica fume is introduced in a concrete batch the plastic viscosity reduces significantly while 

the yield value stays the same.  This is valid up to a certain limit of silica fume addition.  Then the plastic 

viscosity and yield value increase significantly.  Again one can see the same tendency as for series done 

before, i.e. the plastic viscosity decreases with increased silica fume content, but the yield value does 

increase somewhat as can be seen in figures 5.33 to 5.35.  This is due to the fact that the same slump 

was aimed at, although not always easy to achieve in reality.  But the slump flow did change though the 

slump was intended to be the same, which is due to the effect of silica fume and different w/b ratios.  

Therefore the yield value increased with increased silica fume content.  Again one can observe the 

interesting behavior when one looks at the yield value and the G-value in figures 5.33 and 5.34; these 

are almost a mirror image of the slump flow in figure 5.35, as indeed expected. 

Figure 5.34 displays rheological measurement results obtained by a Rheometer.  They are very similar to 

the measurement results obtained by the ConTec Viscometer, thus demonstrating that these two 

measurement techniques yield comparable results. 

 

Figure 5.33.  Yield value and plastic viscosity as a function of the w/b ratio for different silica fume 

content. 
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Figure 5.34.  G-value and H-value as a function of the w/b ratio for different silica fume content. 

 

Figure 5.35.  Slump flow and slump as a function of the w/b ratio for different silica fume content. 
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6 Concluding Remarks 
Samples from 75 mix designs were tested with emphasis on frost resistance, chloride penetration, 

rheological properties and compressive strength.  Moreover, some additional measurements such as 

slump, slump flow, air content and density were carried out.  The variables were the silica fume content 

in two steps 6% (normal dosage) and 12% (overdosage) of binder as well as a no silica fume addition 

(blank), different aggregates ranging from a very porous (6,3% saturate surface dry water content) to 

less porous (in the range 1,5-2,0%) and varying w/b ratio, ranging from 0,42 – 0,26.  The water content 

was kept constant at 150 ± 5 kg/m3, except for part of the mixes using Björgun aggregate (labeled 

Björgun phase I aggregates) where the water content was 160 ± 10 kg/m3.  In addition 5 mix designs 

were cast with air entrainment, in order to assess frost resistance, chloride penetration, rheological 

properties and compressive strength.  Besides these, some supporting measurements such as slump, 

slump flow, air content and density were carried out.  Those five mixes ranged in w/b ratio from 0,54 to 

0,41 with a constant water content of 165 ± 5 kg/m3, they had 6% silica fume incorporated and 

contained Harðikambur aggregates.  The air content was intended to be in the 5-6% range.  These five 

mixes were aimed at compressive strength in the C25, C35 and a C45 strength class. 

Within the limitation of the work carried out one can draw the following conclusions: 

6.1 Freeze-Thaw Resistance: 
• By lowering the w/b ratio the freeze-thaw resistance improved significantly, as expected. 

• By adding silica fume on a replacement basis (6% silica fume of binder) the freeze-thaw 
resistance improved significantly when a mixture of Björgun sand and Vatnsskarð gravel was 
applied.  The same tendency was observed in case of Harðikambur aggregates, but the frost 
resistance did not improve when pure Björgun aggregates were applied. 

• Generally, twelve percent silica fume addition (of binder) did not contribute significantly to the 
frost resistance (beyond the effect achieved by 6% silica fume added).  Possibly there is not 
enough water in the system to activate the additional 6% silica fume.  One exception was 
encountered; a case of Harðikambur aggregates, but the outcome is partly based on 
assumptions.  

• The w/b ratio for mix designs not containing any silica fume at which scaling does not exceed 
the recommended maximum of 1 kg/m2, is in the range of 0,30 to 0,36 depending on the type of 
aggregate.  To be on the safe side it is recommended to apply a w/b ratio of 0,30 or lower when 
no silica fume is present in the mix.  Such a mix will, on the other hand, be very stiff and viscous. 

• The w/b ratio for mix designs containing 6% silica fume of binder, at which the scaling does not 
exceed the recommended maximum of 1 kg/m2 is in the range of 0,33 to 0,35 depending on the 
type of aggregate.  To be on the safe side it is recommended to apply a w/b ratio of 0,33 or 
lower when silica fume content of binder is 6%.  Such a mix is more workable than mix without 
silica fume. 

• The w/b ratio for mix designs containing 12% silica fume of binder, at which the scaling does not 
exceed the recommended maximum of 1 kg/m2 is in the range of 0,31 to 0,35 depending on the 
type of aggregate.  To be on the safe side it is recommended to apply a w/b ratio of 0,31 or 
lower when silica fume content of binder is 12%.  At this silica fume content a substantial 
increase in the workability of the mix is achieved, in comparison to mix designs not containing 
any silica fume. 
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• Looking at the additional recommendation which requires that the scaling ratio (defined as 
scaling after 56 freeze-thaw cycles divided by scaling after 28 freeze-thaw cycles) is less than 
two, there is a significant difference between mix designs not containing any silica fume 
compared to mix designs containing silica fume. 

• For mix designs not containing any silica fume, about one half (8 out of 15) of the mix designs 
passed the recommended scaling ratio criterion of 2.  In case of pure Björgun aggregates, all mix 
designs passed irrespective of concrete type (SCC or CVC).  Half of the mix designs in which 
Harðikambur aggregates were used passed the criterion and none of the mix designs where a 
mixture of Björgun sand and Vatnsskarð gravel was used. 

• For mix designs containing 6% silica fume of binder, 5 out of 17 mix designs passed the 
recommended scaling ratio criterion of 2, or some 30% of the mix designs.  Half of the mix 
designs where Björgun aggregates were used passed regardless of concrete type (SCC or CVC).  
One mix design passed the criterion in case of Harðikambur aggregates and none of the mix 
designs were a mixture of Björgun sand and Vatnsskarð gravel was applied. 

• For mix designs containing 12% silica fume of binder, 3 out of 17 mix designs passed the 
recommended scaling ratio criterion of 2, which is about 15% of the mix designs.  One mix 
design containing Björgun aggregates passed the criterion, only as a CVC mix design; two mix 
designs passed the criterion incase of Harðikambur aggregates, and none of the mix designs 
were a mixture of Björgun sand and Vatnsskarð gravel was used. 

• It seems as at a very low w/b ratio (below 0,30) this recommended scaling ratio criterion of 2 is 
met, and particularly for mix designs not containing any silica fume although some mix designs 
containing silica fume do pass the criterion at low w/b ratios (below 0,28). 

• It seems as mix designs not containing any silica fume exhibit increasing scaling for the first 28 
cycles but subside after that, whereas mix designs containing silica fume seem to accelerate in 
scaling, and some rapidly, throughout the 56 freeze-thaw cycles. 

• For mix designs containing air entrainment the w/b ratio has to be 0,51 or lower for the mix 
design to be considered frost resistant but this statement is based on assumptions.  It is also 
interesting to see that mix designs containing air entrainment behave similar to mix designs 
without air entrainment and no silica fume in that the scaling seems to rise during the first 28 
freeze-thaw cycles and subside after that.  Thus 4 out of the 5 mix designs made with air 
entrainment pass the scaling ratio criterion of 2. 
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6.2 Chloride Penetration: 
• By lowering the w/b ratio one can reduce the chloride penetration significantly, as expected. 

• By reducing the w/b ratio from 0,36 to 0,30 the chloride penetration can be reduced by 10-49% 
in case of mix designs not containing any silica fume or 1,8-8,2% for each 0,01 reduction of w/b 
ratio.  For mix designs containing 6% silica fume of binder this reduction is 25-47% for a w/b 
ratio of 0,36 down to 0,30 or 4,5-8,0% for each 0,01 reduction of w/b ratio.  And for mix designs 
containing 12% silica fume this reduction is 35-53% for a reduction of w/b ratio of 0,36 down to 
0,30 or 6,8-9,0% for each 0,01 reduction of w/b ratio.  The effects depend in all cases on type of 
aggregate used. (Note that aggregates from Björgun Phase I were not applied in this part of the 
test program). 

• Adding silica fume on a replacement basis (6% silica fume of binder) improves significantly the 
chloride penetration resistance compared to mix designs not containing any silica fume. On the 
average the reduction in chloride penetration is in the range of 38-57% or 6,4-9,5% for each 
added percent of silica fume of binder, depending on what aggregate is used. 

• By adding silica fume on a replacement basis (12% silica fume of binder), a significant 
improvement in the chloride penetration resistance was obtained.  On the average the 
reduction in chloride penetration, attained by increasing the silica fume content from 6% to 12% 
of binder, was in the range of 23-34% or 3,9-5,8% for each added percent of silica fume, 
depending on the aggregate used.  This result is in some contradiction to the freeze-thaw 
resistance results where it was assumed that there was not enough water in the system to 
activate the silica fume in full. 

• If the chloride penetration results for non-air entrained mixes are compared to guidelines stated 
by Tang Luping, 5 out of 39 mix designs meet the criteria as having a very good resistance 
against chloride ingress; all mix designs containing 12% silica fume of binder and a low w/b ratio.  
Mix designs that may be classified as having a good resistance against chloride ingress are 27 
out of 39, mix designs at various range of w/b ratio and various silica fume content and as well 
as some cases were no silica fume is considered.  Seven mix out of 39 designs are considered to 
have a moderate resistance against chloride ingress; all mix designs that do not contain any 
silica fume and have high w/b ratio, but also one mix design with 6% silica fume of binder at a 
high w/b ratio and with a mixture of Björgun sand and Vatnsskarð gravel as aggregates. 

• Five mix designs containing air entrainment were tested in regard to chloride penetration.  Two 
of these may be classified as having good resistance against chloride ingress, while the other 
three are of moderate resistance against chloride ingress.  The one that did best had a chloride 
diffusion coefficient of 6,0·10-12 m2/s.  Its total binder content was 410 kg/m3 of which 6% was 
silica fume.  The water content was 165 kg/m3 resulting in a w/b ratio of 0,41.  Another mix 
design containing 6% silica fume of binder, 420 kg/m3 total binder and 150 kg/m3 of water 
content, resulting in a w/b ratio of 0,36, but no air entrainment had a chloride diffusion 
coefficient of 3,8·10-12 m2/s.  Though there is not much difference in cement or water content, 
the chloride diffusion coefficient shows significant difference of 2,2·10-12 m2/s. 
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6.3 Compressive Strength: 
• By reducing the w/b ratio the compressive strength can be increased significantly, for mix 

designs not containing silica fume this increase is in the range 1,6-3,2%, for each 0,01 reduction 
of w/b ratio.  For mix designs containing 6% silica fume this increase is 2,0-3,1%, for each 0,01 
reduction of w/b ratio.  For mix designs containing 12% silica fume this increase is 1,7-4,7%, for 
each 0,01 reduction of w/b ratio.  The reduction depends on the type of aggregate used. 

• Addition of silica fume on a replacement basis (6% silica fume of binder), improves the 
compressive strength compared to mix designs not containing any silica fume.  This increase in 
compressive strength is in the 4,0-9,8% range on the average or 0,7-1,6% for each added 
percent of silica fume, depending on the aggregate used. 

• Further silica fume addition on a replacement basis (12% silica fume of binder), does in some 
cases improve the compressive strength and in some cases not.  Mix designs where no 
improvements were obtained contained Björgun aggregates, (from phase I) and were of the CVC 
type.  For the series where a mixture of Björgun sand and Vatnsskarð gravel was used the 
impact was indeed negative and on the average -6,5% or -1,1% for each added percent of silica 
fume of binder from 6 to 12%.  For all the other mix designs there was an increase in 
compressive strength; on the average in the 1,8-5,3% range or 0,4-0,9% for each added percent 
of silica fume from 6 to 12%, and depending on the aggregate used.  

• At very low w/b ratios compression fracture face passed in almost all cases through the 
aggregate, suggesting that the aggregate was the weakest part.  

• As expected the compressive strength of the mix designs containing air entrainment was 
significantly lower than for those without air entrainment, but the compressive strength was a 
bit higher than intended.  Instead of 25-45 MPa as designed for, it was in the 35-55 MPa range. 
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6.4 Rheological Measurements: 
• By increasing w/b ratio the plastic viscosity decreased significantly as expected, which resulted 

in a less durable mix. 

• Adding silica fume on a replacement basis (6% of binder), improved the workability of the mix 
design compared to mix designs not containing any silica fume.  On the average this reduction in 
plastic viscosity was in the range of 30-32% or 5,0-5,4% for each added percent of silica fume up 
to 6%, depending on the aggregate used for w/b ratio from 0,36 to 0,30.  The rheological 
measurements on mixes containing Björgun aggregates (from phase I) are excluded from this 
statistic due to too much scatter. 

• Further addition of silica fume on a replacement basis (12% of binder), additionally improves the 
workability of the mix design when compared to mix designs containing 6% silica fume of 
binder.  On the average the reduction in plastic viscosity is in the range of 26-42% or 4,3-7,0% 
for each added percent of silica fume between 6% and 12% of binder, depending on the 
aggregate used for w/b ratio from 0,36 to 0,30.  The rheological measurements on mixes 
containing Björgun aggregates (form phase I) are excluded from this statistic due to too much 
scatter. 

• At very low w/b ratio this reduction is even more.  For instance using Harðikambur aggregates 
and w/b ratio between 0,26 and 0,28 the average reduction in plastic viscosity is 48% or 7,9% 
for each added percent of silica fume up to 6% of binder.  The reduction is a bit less when 12% 
silica fume is applied or 27% i.e. 4,4% for each added percent of silica fume of binder in the 6% 
to 12% range. 

• Mixes containing air entrainment and 6% silica fume of binder, exhibited  significantly lower 
plastic viscosity than those containing 6% silica fume of binder and no air entrainment.  The 
plastic viscosity of the latter was 55 Pa·s whereas the former had plastic viscosity in the range 
26-18 Pa·s, a reduction by one half or so, which are very low values and represent a very 
workable mix. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
  
 DURABILITY OF NON AIR ENTRAINED CONCRETE  

66 
 

6.5 Silica Fume Content: 
• Applying 6% silica fume of binder (normal dosage) improved the mix design in most cases in 

terms of permeability and durability.  it also improved the freeze-thaw resistance except in one 

case were Björgun aggregates (from phase I) were applied.  There is though a concern with the 

scaling ratio criterion of 2.  In almost all cases the ratio tended to grow throughout the whole 56 

cycles period and in some cases rapidly, resulting in non-compliance to the recommended 

criterion.  Concerning chloride penetration and compressive strength, the above mentioned 

application improved overall the permeability and the durability.  In terms of rheology it also 

improved the mix designs significantly towards a less viscous and less stiff mix resulting in a 

more workable mix. 

• Applying 12% silica fume of binder (an overdosage) improved in most cases the mix design in 

terms of permeability and durability.  It also improved the freeze-thaw resistance except in one 

case where Björgun aggregates (from phase I) were applied.  On the other hand this 

improvement is hardly sufficient to justify the extra 6% silica fume of binder.  There is also a 

concern with the scaling ratio criterion of 2, where the ratio in almost all cases tended to grow 

throughout the whole 56 cycles period and in some cases rapidly, so much that the ratio did not 

pass the recommended criterium.  As to compressive strength the silica fume addition did in 

some cases improve it and in some cases not.  The increase in compressive strength obtained by 

increasing in silica fume content from 6 to 12% is hardly worthwhile.  On the other hand the 

addition improved the chloride penetration resistance and thus the permeability and the 

durability properties.  And in terms of rheology this silica fume addition improved the mix 

designs in some cases significantly, resulting in a less viscous and less stiff mix and thus a more 

workable mix. 
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6.6 Different Aggregates: 
• In regard to Björgun aggregates from phase I, the freeze-thaw test did not show silica fume to 

improve the permeability or durability irrespective of a CVC or SCC mix design.  But the 

compressive strength improved with reduced w/b ratio.  The rheological measurements 

suggested that mixes designed as CVC were too stiff and some of these were so stiff that the 

measuring device reached its limits.  As to the SCC mix designs it appeared distinctly that by 

adding silica fume one can reduce the plastic viscosity significantly. 

• In regards to Björgun aggregates from phase II, the chloride penetration showed good results; 

reducing the w/b ratio or introducing silica fume improved the chloride penetration resistance.  

The compressive strength improved with reduced w/b ratio too.  The rheological measurements 

displayed clearly that by adding silica fume one can reduce the plastic viscosity significantly.  In 

general this aggregate proved to be a good material for improving the permeability and 

durability, although with exception for the freeze-thaw resistance part where silica fume didn’t 

improve the freeze-thaw resistance.  Otherwise, this material would have been characterized as 

very good. 

• In regard to a mixture of Björgun sand and Vatnsskarð gravel, the freeze-thaw resistance 

showed good results.  Further, by adding silica fume one can improve the permeability and the 

durability properties of the mixes.  The chloride penetration tests showed good results; by 

reducing the w/b ratio or by introducing silica fume the chloride penetration resistance 

improved, but not to the same extent as for other aggregates.  The compressive strength 

improved with reduced w/b ratio.  The rheological measurements demonstrated well that by 

adding silica fume the plastic viscosity can be reduced significantly.  On the whole this aggregate 

proved to be a good to moderate material for improving the permeability and durability. 

• In regards to Harðikambur aggregates, the freeze-thaw tests showed good results.  Further, that 

by adding silica fume one can improve the permeability and the durability of the mix.  The 

chloride penetration tests showed good results; by reducing the w/b ratio or by introducing 

silica fume the chloride penetration resistance improved, similarly to the Björgun aggregates.  

The compressive strength improved with reduced w/b ratio.  The rheological measurements 

displayed clearly that by adding silica fume one can reduce the plastic viscosity significantly.  In 

general this aggregate proved to be a good or very good material for improving the permeability 

and durability. 
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7 Further Work 
If further work should be carried out in this field, then here are some suggestions for extensions. 

First, and of main interest is to reveal the effect of changing to an aggregate with lower water 

absorption (saturated surface dry) than those used here.  Norwegian aggregates might be proposed; 

these have saturated surface dry water content of about 0,3%, which is significantly lower than 

encountered for most Icelandic aggregates. 

Secondly, the tendency of mix designs containing no air entrainment to escalate in scaling throughout 

the 56 freeze-thaw cycles should be looked at.  Compared to mix designs containing air entrainment or 

in some cases mix designs with no air entrainment as well as with no silica fume present, these mix 

designs seem to escalate in scaling for the first 14 or 28 freeze-thaw cycles but subside after that.  This is 

a concern that should be looked at and studied further, along with measurements on inner structural 

damage. 

It would also be interesting to look at the long-time effect of the freeze-thaw resistance on mix designs 

without any air entrainment in presence of silica fume addition to the binder.  Maybe the number of 

freeze-thaw cycles should be increased up to 112 – 168 or more if necessary.  Thus it might be disclosed 

if the samples show escalating freeze-thaw damage throughout the test period or maybe subside at a 

later age as is common for mix designs containing air entrainment. 

With regards to chloride penetration it would be interesting to do a series where air entrained mixes of 

increasing compressive strength are tested for chloride penetration as well as an additional series 

without air entrainment, but otherwise comparable, to see the difference.  Further, it would be 

interesting to see if their paths intersect and at what w/b ratio. Suggested water content in both series 

might be 150 kg/m3 or 165 kg/m3. 

Additionally it would be interesting to see the effect of air entrainment content, because according to 

the results presented here there is a tendency towards diminishing chloride diffusion with increased air 

entrainment.  This contradicts, in my opinion, expectations because with increased air entrainment the 

compressive strength is prone to decrease, and the permeability to increase resulting in a less durable 

concrete, all factors which give rise to increased chloride penetration.  Assuredly no measurements on 

the sizes of the air bubbles or their distribution were made which might explain the observed tendency 

in chloride penetration. 

Also it would be interesting to try stronger aggregates, because of the phenomenon observed in most 

cases, where low w/b ratio was used, the fracture surface always went through the aggregate, 

suggesting that the aggregates used in this thesis being infeasible weak. 
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Measurements on Chloride Penetration of Björgun Aggregates, Phase II: 

 

Mix no: LV22

Voltage used: 35 V

Test duration: 24 hours

Penetration deapth xd: 12,7 mm

Migration coefficient D nssm: 4,8 x·10-12 m2/s

Mix no: LV23

Voltage used: 60 V

Test duration: 24 hours

Penetration deapth xd: 11,8 mm

Migration coefficient D nssm: 2,6 x·10-12 m2/s

Mix no: LV24

Voltage used: 60 V

Test duration: 48 hours

Penetration deapth xd: 13,7 mm

Migration coefficient D nssm: 1,6 x·10-12 m2/s

Mix no: LV25

Voltage used: 60 V

Test duration: 48 hours

Penetration deapth xd: 18,0 mm

Migration coefficient D nssm: 2,0 x·10-12 m2/s
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Mix no: LV26

Voltage used: 30 V

Test duration: 24 hours

Penetration deapth xd: 15,9 mm

Migration coefficient D nssm: 7,3 x·10-12 m2/s

Mix no: LV27

Voltage used: 50 V

Test duration: 24 hours

Penetration deapth xd: 15,2 mm

Migration coefficient D nssm: 4,1 x·10-12 m2/s

Mix no: LV28

Voltage used: 60 V

Test duration: 24 hours

Penetration deapth xd: 14,5 mm

Migration coefficient D nssm: 3,2 x·10-12 m2/s

Mix no: LV29

Voltage used: 50 V

Test duration: 24 hours

Penetration deapth xd: 12,0 mm

Migration coefficient D nssm: 3,4 x·10-12 m2/s
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Mix no: LV30

Voltage used: 30 V

Test duration: 24 hours

Penetration deapth xd: 18,0 mm

Migration coefficient D nssm: 8,2 x·10-12 m2/s

Mix no: LV31

Voltage used: 50 V

Test duration: 24 hours

Penetration deapth xd: 13,8 mm

Migration coefficient D nssm: 3,9 x·10-12 m2/s

Mix no: LV32

Voltage used: 30 V

Test duration: 24 hours

Penetration deapth xd: 20,5 mm

Migration coefficient D nssm: 9,4 x·10-12 m2/s

Mix no: LV33

Voltage used: 40 V

Test duration: 24 hours

Penetration deapth xd: 14,4 mm

Migration coefficient D nssm: 4,9 x·10-12 m2/s



 
  
 DURABILITY OF NON AIR ENTRAINED CONCRETE  

77 
 

Measurements on Chloride Penetration of Björgun Sand and Vatnssarðs Gravel: 

 

Mix no: LV01

Voltage used: 25 V

Test duration: 24 hours

Penetration deapth xd: 20,3 mm

Migration coefficient D nssm: 11,1 x·10-12 m2/s

Mix no: LV02

Voltage used: 35 V

Test duration: 24 hours

Penetration deapth xd: 15,3 mm

Migration coefficient D nssm: 5,9 x·10-12 m2/s

Mix no: LV03

Voltage used: 25 V

Test duration: 24 hours

Penetration deapth xd: 19,6 mm

Migration coefficient D nssm: 10,8 x·10-12 m2/s

Mix no: LV04

Voltage used: 35 V

Test duration: 24 hours

Penetration deapth xd: 20,8 mm

Migration coefficient D nssm: 8,2 x·10-12 m2/s
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Mix no: LV05

Voltage used: 40 V

Test duration: 24 hours

Penetration deapth xd: 17,1 mm

Migration coefficient D nssm: 6,0 x·10-12 m2/s

Mix no: LV06

Voltage used: 25 V

Test duration: 24 hours

Penetration deapth xd: 18,6 mm

Migration coefficient D nssm: 10,4 x·10-12 m2/s

Mix no: LV07

Voltage used: 35 V

Test duration: 24 hours

Penetration deapth xd: 16,4 mm

Migration coefficient D nssm: 6,3 x·10-12 m2/s

Mix no: LV08

Voltage used: 40 V

Test duration: 23 hours

Penetration deapth xd: 14,2 mm

Migration coefficient D nssm: 5,1 x·10-12 m2/s
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Mix no: LV09

Voltage used: 25 V

Test duration: 24 hours

Penetration deapth xd: 18,0 mm

Migration coefficient D nssm: 10,0 x·10
-12

 m
2
/s

Mix no: LV10

Voltage used: 40 V

Test duration: 24 hours

Penetration deapth xd: 14,8 mm

Migration coefficient D nssm: 5,1 x·10
-12

 m
2
/s

Mix no: LV21

Voltage used: 50 V

Test duration: 26 hours

Penetration deapth xd: 15,3 mm

Migration coefficient D nssm: 3,9 x·10
-12

 m
2
/s



 
  
 DURABILITY OF NON AIR ENTRAINED CONCRETE  

80 
 

Measurements on Chloride Penetration of Harðikambur aggregates: 

 

Mix no: LV65

Voltage used: 40 V

Test duration: 24 hours

Penetration deapth xd: 11,3 mm

Migration coefficient D nssm: 3,9 x·10-12 m2/s

Mix no: LV66

Voltage used: 50 V

Test duration: 24 hours

Penetration deapth xd: 12,9 mm

Migration coefficient D nssm: 3,5 x·10-12 m2/s

Mix no: LV67

Voltage used: 40 V

Test duration: 24 hours

Penetration deapth xd: 11,3 mm

Migration coefficient D nssm: 3,8 x·10-12 m2/s

Mix no: LV68

Voltage used: 50 V

Test duration: 24 hours

Penetration deapth xd: 12,8 mm

Migration coefficient D nssm: 3,5 x·10-12 m2/s
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Mix no: LV70

Voltage used: 60 V

Test duration: 24 hours

Penetration deapth xd: 9,8 mm

Migration coefficient D nssm: 2,2 x·10-12 m2/s

Mix no: LV71

Voltage used: 30 V

Test duration: 24 hours

Penetration deapth xd: 16,1 mm

Migration coefficient D nssm: 7,7 x·10-12 m2/s

Mix no: LV72

Voltage used: 30 V

Test duration: 24 hours

Penetration deapth xd: 19,1 mm

Migration coefficient D nssm: 8,7 x·10-12 m2/s

Mix no: LV73

Voltage used: 30 V

Test duration: 24 hours

Penetration deapth xd: 17,5 mm

Migration coefficient D nssm: 8,0 x·10-12 m2/s
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Mix no: LV74

Voltage used: 30 V

Test duration: 24 hours

Penetration deapth xd: 17,1 mm

Migration coefficient D nssm: 7,4 x·10-12 m2/s

Mix no: LV75

Voltage used: 30 V

Test duration: 24 hours

Penetration deapth xd: 12,7 mm

Migration coefficient D nssm: 5,7 x·10-12 m2/s

Mix no: LV76

Voltage used: 30 V

Test duration: 24 hours

Penetration deapth xd: 12,5 mm

Migration coefficient D nssm: 5,6 x·10-12 m2/s

Mix no: LV77

Voltage used: 40 V

Test duration: 24 hours

Penetration deapth xd: 10,5 mm

Migration coefficient D nssm: 3,5 x·10-12 m2/s



 
  
 DURABILITY OF NON AIR ENTRAINED CONCRETE  

83 
 

 

 

Mix no: LV78

Voltage used: 40 V

Test duration: 24 hours

Penetration deapth xd: 8,7 mm

Migration coefficient D nssm: 2,8 x·10-12 m2/s

Mix no: LV79

Voltage used: 50 V

Test duration: 24 hours

Penetration deapth xd: 9,7 mm

Migration coefficient D nssm: 2,6 x·10-12 m2/s

Mix no: LV80

Voltage used: 50 V

Test duration: 24 hours

Penetration deapth xd: 8,3 mm

Migration coefficient D nssm: 2,2 x·10-12 m2/s

Mix no: LV81

Voltage used: 60 V

Test duration: 24 hours

Penetration deapth xd: 11,1 mm

Migration coefficient D nssm: 2,3 x·10-12 m2/s
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Mix no: LV82

Voltage used: 60 V

Test duration: 24 hours

Penetration deapth xd: 7,5 mm

Migration coefficient D nssm: 1,6 x·10-12 m2/s

Mix no: LV83

Voltage used: 60 V

Test duration: 48 hours

Penetration deapth xd: 14,2 mm

Migration coefficient D nssm: 1,7 x·10-12 m2/s

Mix no: LV84

Voltage used: 60 V

Test duration: 48 hours

Penetration deapth xd: 13,4 mm

Migration coefficient D nssm: 1,6 x·10-12 m2/s

Mix no: LV85

Voltage used: 60 V

Test duration: 24 hours

Penetration deapth xd: 11,0 mm

Migration coefficient D nssm: 2,7 x·10-12 m2/s



 
  
 DURABILITY OF NON AIR ENTRAINED CONCRETE  

85 
 

 

 

Mix no: LV86

Voltage used: 60 V

Test duration: 24 hours

Penetration deapth xd: 12,2 mm

Migration coefficient D nssm: 2,8 x·10-12 m2/s

Mix no: LV87

Voltage used: 35 V

Test duration: 24 hours

Penetration deapth xd: 25,5 mm

Migration coefficient D nssm: 10,5 x·10-12 m2/s

Mix no: LV88

Voltage used: 35 V

Test duration: 24 hours

Penetration deapth xd: 19,4 mm

Migration coefficient D nssm: 7,8 x·10-12 m2/s

Mix no: LV89

Voltage used: 40 V

Test duration: 24 hours

Penetration deapth xd: 17,2 mm

Migration coefficient D nssm: 6,0 x·10-12 m2/s
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Mix no: LV90

Voltage used: 30 V

Test duration: 24 hours

Penetration deapth xd: 23,4 mm

Migration coefficient D nssm: 11,1 x·10-12 m2/s

Mix no: LV91

Voltage used: 35 V

Test duration: 24 hours

Penetration deapth xd: 21,0 mm

Migration coefficient D nssm: 8,5 x·10-12 m2/s
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Mix designs using aggregates from Björgun, Phase I 

 

 

 

 

Mix Cement SF
Total 

binder
Water w/b-ratio w/c-ratio Silica fume Glenium 51 Optima 203 Omnicon Water total 

Including superplasticizer
Paste

No. (kg/m
3
) (kg/m

3
) (kg/m

3
) (kg/m

3
) (%) of binder (%) (%) (%) (kg/m

3
) (Vol)

SM01 407 0 407 162 0,409 0,409 0,0 1,6 0,0 0,0 166 29,1

SM02 417 0 417 149 0,389 0,389 0,0 4,9 0,0 0,0 162 28,1

SM03 382 24 406 162 0,408 0,434 5,9 1,5 0,0 0,0 166 29,4

SM04 357 49 406 161 0,406 0,462 12,1 1,4 0,0 0,0 165 29,7

SM05 391 25 416 148 0,368 0,392 6,0 1,9 0,0 0,0 153 28,3

SM06 367 50 417 149 0,367 0,417 12,0 1,5 0,0 0,0 153 28,8

SM07 440 28 468 149 0,334 0,355 6,0 2,4 0,0 0,0 156 30,1

SM08 407 56 463 148 0,333 0,379 12,1 2,1 0,0 0,0 154 30,3

SM12 544 0 544 159 0,297 0,297 0,0 0,7 0,0 0,0 162 33,2

SM13 513 33 546 163 0,306 0,324 6,0 1,0 0,2 0,0 167 34,5

SM14 471 64 535 159 0,307 0,349 12,0 0,0 0,2 1,6 164 34,3

SM09 553 0 553 151 0,300 0,300 0,0 4,1 0,0 0,0 166 32,7

SM10 509 33 542 149 0,292 0,311 6,1 2,7 0,0 0,0 158 32,6

SM11 476 65 541 149 0,290 0,330 12,0 2,2 0,0 0,0 157 33,0

SM15 456 0 456 147 0,344 0,344 0,0 0,0 0,2 3,1 157 30,1

SM16 431 28 459 142 0,339 0,361 6,1 0,0 0,2 4,4 155 30,5

SM17 404 55 459 142 0,332 0,378 12,0 0,0 0,2 3,4 153 30,6

SM18 412 0 412 143 0,388 0,388 0,0 0,0 0,2 5,6 160 29,1

SM19 412 0 412 164 0,419 0,419 0,0 0,0 0,2 2,7 173 30,3

SM20 391 25 416 166 0,420 0,446 6,0 0,0 0,2 2,7 175 31,0

SM21 361 49 410 163 0,417 0,473 12,0 0,0 0,2 2,5 171 30,8

SM22 426 0 426 152 0,385 0,385 0,0 0,0 0,2 3,8 164 29,9

SM23 400 26 426 152 0,383 0,408 6,1 0,0 0,2 3,6 163 30,2

SM24 373 51 424 151 0,380 0,432 12,0 0,0 0,2 3,3 161 30,3

CVC Mix designs

"Semi SCC" Mix designs
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Measurements results and statistics using aggregates from Björgun, Phase I 

 

 

All standard deviation calculations are results of 3 samples. 

 

Mix Slump Slump flow Measured air Yield value Pl. viscosity

28 days 

compressive 

strength

St. deviation of 

compressive 

strength

Density

56 cycles 

freeze-thaw 

resistance

St. deviation 

freeze-thaw 

resistance

56/28 cycles 

freeze-thaw 

resistance

No. (mm) (mm) (%) (Pa) (Pa s) (MPa) (MPa) (kg/m
3
) (kg/m

2
) (kg/m

2
)

SM01 180 2,4 113 130,3 73,5 1,78 2490 2,34 0,52 1,4

SM02 190 2,5 214 196,4 78,0 2,39 2506 1,39 0,51 1,2

SM03 180 2,2 173 127,0 74,7 0,90 2476 20,65 5,03 7,4

SM04 200 2,2 144 119,0 71,6 1,42 2472 5,35 0,21 3,5

SM05 180 2,3 267 174,1 83,0 0,42 2497 5,43 1,35 4,2

SM06 180 2,3 249 165,6 86,0 3,18 2497 2,57 0,17 2,9

SM07 200 3,0 550 219,5 89,8 2,03 2504 0,57 0,15 1,8

SM08 245 580 2,0 123 97,1 89,3 2,03 2496 0,96 0,14 2,0

SM12 210 3,1 663 183,1 82,1 2,70 2509 0,19 0,06 1,4

SM13 60 3,0 1113 118,7 82,3 4,13 2510 0,20 0,08 2,0

SM14 220 360 3,0 171 85,1 83,3 2,90 2455 0,55 0,13 2,3

SM09 255 680 1,7 189 192,2 84,2 0,0 2519 0,30 0,06 1,6

SM10 265 695 1,6 136 143,1 92,0 1,0 2525 0,39 0,11 1,9

SM11 265 660 1,8 52 107,5 91,9 1,5 2501 0,51 0,14 2,2

SM15 270 565 2,5 59 92,4 73,3 1,8 2496 1,96 1,01 1,7

SM16 270 570 2,0 109 122,0 73,9 1,0 2450 0,96 0,12 2,0

SM17 270 480 2,8 93 92,4 79,3 6,3 2479 2,06 0,26 2,4

SM18 270 600 2,5 74 117,7 63,4 2,5 2505 1,31 0,61 1,4

SM19 270 560 2,5 60 89,0 60,9 1,1 2480 8,74 1,36 2,1

SM20 270 575 2,5 64 71,7 71,4 2,2 2504 8,91 2,91 3,1

SM21 270 570 2,5 60 71,7 70,6 2,4 2460 11,52 0,90 4,6

SM22 270 625 2,0 87 126,9 67,4 2,4 2502 2,39 0,54 1,6

SM23 270 590 2,0 98 98,9 74,5 0,5 2486 6,22 0,60 3,0

SM24 270 620 2,0 55 76,8 76,4 1,7 2469 5,98 0,27 3,5

CVC Mix designs

"Semi SCC" Mix designs
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Mix designs using aggregates from Björgun, Phase II 

 

 

 

 

 

 

 

 

Mix Cement SF
Total 

binder
Water w/b-ratio w/c-ratio Silica fume Omnicon Water total 

Including superplasticizer
Paste

No. (kg/m
3
) (kg/m

3
) (kg/m

3
) (kg/m

3
) (%) of binder (%) (kg/m

3
) (Vol)

LV11 447 29 476 148 0,319 0,340 6,1 1,3 152 30,7

LV12 417 57 474 147 0,319 0,362 12,0 1,4 151 30,9

LV22 501 0 501 146 0,299 0,299 0,0 1,3 150 30,9

LV23 475 30 505 147 0,300 0,318 5,9 1,4 151 31,6

LV24 442 60 502 146 0,299 0,339 12,0 1,3 150 31,8

LV25 414 56 470 146 0,319 0,362 11,9 1,3 150 30,7

LV26 471 0 471 146 0,318 0,318 0,0 1,3 150 29,9

LV27 444 28 472 147 0,320 0,340 5,9 1,4 151 30,5

LV28 389 53 442 146 0,338 0,384 12,0 1,3 149 29,7

LV29 367 50 417 146 0,359 0,407 12,0 1,4 149 28,9

LV30 441 0 441 146 0,339 0,339 0,0 1,3 150 29,0

LV31 414 26 440 146 0,340 0,362 5,9 1,4 150 29,3

LV32 416 0 416 146 0,359 0,359 0,0 1,3 149 28,1

LV33 392 25 417 146 0,358 0,381 6,0 1,3 149 28,5
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Measurements results and statistics using aggregates from Björgun, Phase II 

 

 

 

 

 

All standard deviation calculations are results of 3 samples. 

 

 

 

 

Mix Slump Slump flow Measured air Yield value Pl. viscosity G-value H-value

28 days 

compressive 

strength

St. deviation of 

compressive 

strength

Density

28 days 

chloride 

penetration

St. deviation of 

chloride 

penetration

No. (mm) (mm) (%) (Pa) (Pa s) (A) (A s) (MPa) (kg/m3) x 10-12 m2/s x 10-12 m2/s

LV11 205 370 1,8 260 172,3 0,42 1,85 93,8 11,21 2564 2,7 0,23

LV12 210 380 1,7 291 110,5 0,40 1,13 92,7 6,55 2546

LV22 210 435 1,9 137 234,1 0,16 2,68 91,8 8,19 2562 4,8 0,15

LV23 205 420 1,6 252 138,9 0,32 1,67 98,7 1,52 2556 2,6 0,29

LV24 200 380 1,8 247 100,4 0,47 1,29 99,2 7,26 2552 1,6 0,05

LV25 205 395 1,7 261 85,7 0,37 1,31 94,3 1,81 2547 2,0 0,29

LV26 210 460 1,3 132 145,8 0,20 2,52 87,6 4,07 2558 7,3 0,26

LV27 220 465 1,2 235 107,3 0,25 1,31 85,5 0,70 2563 4,1 0,33

LV28 210 415 1,6 266 96,0 0,42 1,04 88,0 2,53 2534 3,2 0,18

LV29 210 430 1,6 241 93,2 0,37 1,09 84,7 4,63 2537 3,4 0,06

LV30 210 445 1,3 227 195,1 0,23 2,60 84,5 11,29 2556 8,2 0,60

LV31 205 400 1,3 250 139,4 0,35 1,76 86,2 5,53 2552 3,9 0,27

LV32 205 465 1,1 121 124,6 0,37 2,70 80,5 6,10 2548 9,4 0,49

LV33 215 440 1,2 170 85,6 0,49 1,37 80,4 2,75 2544 4,9 0,19
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Mix designs using Björgun sand and Vatnsskarð gravel aggregates 

 

 

 

 

 

 

 

 

 

Mix Cement SF
Total 

binder
Water w/b-ratio w/c-ratio Silica fume Omnicon Water total 

Including superplasticizer
Paste

No. (kg/m
3
) (kg/m

3
) (kg/m

3
) (kg/m

3
) (%) of binder (%) (kg/m

3
) (Vol)

LV01 418 0 418 147 0,359 0,359 0,0 1,1 150 28,3

LV02 393 25 418 146 0,357 0,380 6,0 1,3 149 28,5

LV03 422 0 422 149 0,360 0,360 0,0 1,2 152 28,6

LV04 398 26 424 149 0,359 0,382 6,1 1,1 152 29,0

LV05 367 50 417 147 0,360 0,409 12,0 1,2 150 28,9

LV06 461 0 461 148 0,328 0,328 0,0 1,1 151 29,8

LV07 428 27 455 147 0,330 0,351 5,9 1,1 150 29,8

LV08 403 55 458 148 0,331 0,376 12,0 1,2 151 30,4

LV09 504 0 504 148 0,302 0,302 0,0 1,3 152 31,2

LV10 470 30 500 146 0,300 0,319 6,0 1,3 150 31,3

LV21 437 60 497 145 0,300 0,341 12,1 1,3 149 31,5
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Measurements results and statistics using Björgun sand and Vatnsskarð gravel aggregates 

 

 

 

 

 

 

All standard deviation calculations are results of 3 samples. 

 

 

 

 

 

Mix Slump Slump flow Measured air Yield value Pl. viscosity G-value H-value

28 days 

compressive 

strength

St. deviation of 

compressive 

strength

Density

56 cycles 

freeze-thaw 

resistance

St. deviation 

freeze-thaw 

resistance

56/28 cycles 

freeze-thaw 

resistance

28 days 

chloride 

penetration

St. deviation 

chloride 

penetration

No. (mm) (mm) (%) (Pa) (Pa s) (A) (A s) (Mpa) (Mpa) (kg/m
3
) (kg/m

2
) (kg/m

2
) x 10

-12
 m

2
/s x 10

-12
 m

2
/s

LV01 190 3,1 488 237,8 82,3 4,04 2462 3,8 1,04 2,7 11,1 1,05

LV02 230 425 2,6 234 131,4 0,30 1,55 86,7 3,21 2461 1,8 0,31 2,9 5,9 0,27

LV03 205 370 2,4 0,35 3,03 85,9 1,06 2456 2,2 0,96 2,5 10,8 1,14

LV04 195 370 2,6 345 168,1 0,42 1,48 89,0 1,77 2454 1,6 0,31 3,5 8,2 1,27

LV05 205 370 2,4 432 85,8 0,54 1,21 75,6 5,45 2441 1,2 0,12 2,8 6,0 0,46

LV06 210 390 2,6 413 234,9 0,42 3,08 87,9 1,88 2469 2,4 0,40 2,8 10,4 0,25

LV07 190 305 2,3 775 189,6 0,84 2,19 88,3 5,21 2460 0,4 0,08 3,2 6,3 0,52

LV08 205 365 2,1 363 110,2 0,49 1,27 84,7 4,99 2443 0,7 0,08 3,8 5,1 0,12

LV09 215 410 2,1 442 300,5 93,3 4,92 2473 0,5 0,07 2,1 10,0 1,84

LV10 205 375 2,1 450 164,7 0,55 2,27 99,7 1,32 2464 0,2 0,01 3,8 5,1 0,24

LV21 215 400 2,3 313 105,8 0,45 1,13 97,1 8,23 2440 0,3 0,02 4,4 3,9 0,48
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Mix designs using Harðikambur aggregates 

 

 

 

Mix Cement SF
Total 

binder
Water w/b-ratio w/c-ratio Silica fume Omnicon Mighty air Water total 

Including superplasticizer
Paste

No. (kg/m3) (kg/m3) (kg/m3) (kg/m3) (%) of binder (%) (%) (kg/m3) (Vol)

LV65 398 25 423 148 0,357 0,380 5,9 1,2 0,00 151 28,9

LV66 420 27 447 148 0,335 0,357 6,0 0,7 0,00 150 29,6

LV67 395 26 421 149 0,358 0,381 6,2 0,6 0,00 151 28,8

LV68 417 27 444 149 0,339 0,361 6,1 0,6 0,00 151 29,5

LV70 392 53 445 150 0,341 0,388 11,9 0,7 0,00 152 30,0

LV71 447 0 447 150 0,340 0,340 0,0 0,7 0,00 152 29,4

LV72 419 0 419 149 0,359 0,359 0,0 0,5 0,00 150 28,3

LV73 472 0 472 149 0,319 0,319 0,0 0,6 0,00 151 30,1

LV74 505 0 505 149 0,299 0,299 0,0 0,6 0,00 151 31,1

LV75 543 0 543 150 0,281 0,281 0,0 0,8 0,00 153 32,5

LV76 583 0 583 149 0,261 0,261 0,0 0,9 0,00 152 33,7

LV77 442 28 470 148 0,318 0,339 6,0 0,6 0,00 150 30,3

LV78 472 30 502 149 0,301 0,320 6,0 0,7 0,00 151 31,4

LV79 505 32 537 148 0,280 0,298 6,0 0,8 0,00 151 32,5

LV80 546 35 581 148 0,260 0,277 6,0 0,9 0,00 151 34,0

LV81 414 57 471 149 0,321 0,365 12,1 0,7 0,00 151 30,8

LV82 444 61 505 149 0,300 0,341 12,1 0,8 0,00 151 32,0

LV83 476 65 541 148 0,279 0,317 12,0 0,9 0,00 151 33,2

LV84 514 70 584 148 0,260 0,295 12,0 1,0 0,00 152 34,7

LV85 368 50 418 149 0,360 0,409 12,0 0,7 0,00 151 29,0

LV86 390 53 443 149 0,341 0,387 12,0 0,7 0,00 151 29,9

LV87 287 19 306 164 0,539 0,574 6,2 0,4 0,05 165 26,5

LV88 328 21 349 163 0,469 0,499 6,0 0,3 0,04 164 27,7

LV89 386 24 410 166 0,407 0,432 5,9 0,3 0,04 167 30,0

LV90 290 19 309 166 0,539 0,575 6,1 0,3 0,04 167 26,7

LV91 329 21 350 164 0,471 0,501 6,0 0,3 0,03 165 27,9
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Measurements results and statistics using Harðikambur aggregates 

 

 

 

 

All standard deviation calculations are results of 3 samples. 

 

Mix Slump Slump flow Measured air Yield value Pl. viscosity G-value H-value

28 days 

compressive 

strength

St. deviation 

compressive 

strength

Density

56 cycles 

freeze-thaw 

resistance

St. deviation  

freeze-thaw 

resistance

56/28 cycles 

freeze-thaw 

resistance

28 day chloride 

penetration

St. deviation 

chloride 

penetration

No. (mm) (mm) (%) (Pa) (Pa s) (A) (A s) (MPa) (MPa) (kg/m
3
) (kg/m

2
) (kg/m

2
) x 10

-12
 m

2
/s x 10

-12
 m

2
/s

LV65 265 630 1,4 43 42,3 0,11 0,39 3,9 0,78

LV66 230 430 2,2 151 55,0 0,33 0,72 3,5 0,28

LV67 210 360 2,3 197 56,6 0,49 0,72 90,2 4,41 2532 0,16 0,01 3,1 3,8 0,71

LV68 200 350 2,4 236 55,6 0,49 0,69 92,6 5,32 2546 0,08 0,01 3,2 3,5 0,40

LV70 220 380 2,3 220 36,6 0,50 0,60 90,3 2,72 2531 0,04 0,00 3,4 2,2 0,04

LV71 235 470 1,7 88 68,4 0,21 0,90 83,5 1,89 2561 0,34 0,14 2,6 7,7 0,07

LV72 210 395 2,1 161 75,1 0,31 0,86 82,9 5,87 2557 0,41 0,16 2,1 8,7 0,59

LV73 230 415 2,1 145 85,5 0,31 1,06 87,9 1,80 2557 0,13 0,06 1,8 8,0 0,06

LV74 210 375 1,9 184 104,4 0,36 1,31 87,4 2,04 2553 0,07 0,02 1,7 7,4 0,36

LV75 210 355 2,3 210 120,1 0,39 1,52 100,1 0,66 2566 0,01 0,00 3,3 5,7 0,28

LV76 210 365 2,0 140 164,7 0,29 1,77 104,9 1,58 2566 0,01 0,01 1,8 5,6 0,72

LV77 220 370 2,3 244 54,7 0,46 0,63 97,9 3,48 2545 0,04 0,01 5,0 3,5 0,14

LV78 210 340 2,2 297 61,6 0,54 0,77 98,3 6,40 2542 0,05 0,01 3,5 2,8 0,16

LV79 215 370 2,2 231 70,8 0,45 0,86 103,1 5,23 2553 0,01 0,00 2,0 2,6 0,65

LV80 225 385 2,1 198 75,6 0,38 0,94 107,5 1,62 2546 0,01 0,00 1,7 2,2 0,21

LV81 210 355 2,2 251 42,0 0,52 0,53 100,1 4,47 2535 0,05 0,03 8,0 2,3 0,01

LV82 200 365 2,0 259 44,4 0,51 0,57 100,6 2,90 2533 0,04 0,03 3,2 1,6 0,31

LV83 215 410 2,0 256 51,6 0,50 0,55 118,1 1,08 2545 0,01 0,00 1,3 1,7 0,25

LV84 220 410 1,9 221 55,8 0,44 0,69 109,1 4,09 2536 0,00 0,00 2,0 1,6 0,14

LV85 205 355 2,5 260 39,6 0,60 0,54 85,8 1,91 2520 0,12 0,00 5,9 2,7 0,08

LV86 205 350 2,2 266 46,9 0,55 0,48 98,2 2,64 2530 2,8 0,33

LV87 215 385 7,1 161 17,7 0,31 0,20 36,5 0,24 2333 0,01 0,01 1,2 10,5 0,64

LV88 205 380 6,9 226 17,8 0,41 0,17 40,7 0,25 2327 0,01 0,02 1,1 7,8 0,28

LV89 210 375 5,4 256 26,7 0,44 0,26 52,7 2,54 2420 0,03 0,01 2,4 6,0 0,21

LV90 210 385 5,2 176 20,2 0,34 0,17 44,1 0,39 2406 0,11 0,01 1,0 11,1 0,24

LV91 215 390 5,9 207 18,7 0,37 0,16 43,5 0,98 2398 0,03 0,00 1,3 8,5 0,34


