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Abstract 

Duurzaamheid is een begrip dat de laatste jaren meer en meer de aandacht krijgt. 
Ook in de beton- en cementindustrie wordt gestreefd naar een minimalisatie van de 
milieu-impact door onder andere industriële bijproducten aan te wenden die anders 
als afval of laagwaardig product beschouwd worden. De producten die als 
cementvervangend materiaal gebruikt kunnen worden, vinden dus een hoogwaardige 
toepassing maar reduceren tevens de benodigde hoeveelheid klinker en bijgevolg de 
CO2 uitstoot die geassocieerd is met de klinkerproductie. In dit doctoraatsonderzoek 
wordt specifiek ingegaan op het gebruik van hoogovenslak als cementvervangend 
materiaal. 

Hoogovenslak, een bijproduct van de staalindustrie, bezit latent-hydraulische 
eigenschappen indien het snel afgekoeld wordt en kan daardoor dus aangewend 
worden als cementvervangend materiaal. In EN 197-1 (2000) zijn drie types 
hoogovencement gedefinieerd: CEM III/A (36 - 65 % hoogovenslak), CEM III/B 
(66 - 80 % hoogovenslak) en CEM III/C (81 - 95 % hoogovenslak)). Meer recent 
kan, naast het gebruik in gemengde cementen, slak ook als aparte component aan het 
betonmengsel toegevoegd worden in België, indien deze gemalen hoogovenslakken 
beschikken over een ATG met certificatie en gebruikt worden in combinatie met 
CEM I klasse 42.5 en hoger. In 2004 werd het k-waarde concept voor gemalen 
hoogovenslakken in het nationaal toepassingsdocument van EN 206-1 uitgewerkt. 
De voorwaarden die hierbij in acht moeten genomen worden zijn opgenomen in 
NBN B15-001 (2004). Kort samengevat komt het er op neer dat de toegestane k-
waarde gelijk is aan 0.9 en dat de maximale hoeveelheid slak die in rekening mag 
gebracht worden voor het toepassen van het k-waarde concept beperkt is 
(slak/cement ≤ 0.45 of 0.2 afhankelijk van de blootstellingsklasse en de 
wapening/voorspanning).   

Opvolging van het hydratatieproces  

De hydratatie van Portlandcement gemengd met hoogovenslak is een complex 
proces. De afzonderlijke materialen reageren, maar hun reacties oefenen ook invloed 
op elkaar uit. In dit onderzoek wordt het hydratatieproces van Portlandcement en 
slak opgevolgd met behulp van thermogravimetrie, calorimetrie en 
elektronenmicroscopie. Dit zowel op jonge als op oudere leeftijd en voor 
cementpasta’s met slak tot bindmiddel verhoudingen die variëren tussen 0 en 0,85. 
Alle testmethodes tonen duidelijk aan dat de aanwezigheid van slak de 
cementhydratatie bevordert: de cementreactie wordt versneld, maar bereikt ook een 
hogere hydratatiegraad. De slakreactie start reeds gedurende de eerste dagen na het 
mengen. Met backscattered elektronenmicroscopie wordt vastgesteld dat na 2 dagen 
de hydratatiegraad van slak in mengsels met 50% cementvervaning en een water-
bindmiddel factor van 0.5 reeds 28% bedraagt. Na 2 jaar bereikt de hydratatiegraad 
van slak ~ 70% in diezelfde mengeling. Een sterke daling van de slak 
hydratatiegraad wordt echter wel waargenomen voor mengelingen met zeer hoge 
vervangingspercentages (~ 39% na 2 jaar voor mengelingen met 85% slak). 
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De reactiegraden van het bindmiddel opgemeten met isotherme calorimetrie 
(Q(t)/Q∞ met Q = cumulatieve warmteproductie) en thermogravimetrie (wb(t)/wb,∞ 
met wb = gebonden water) stemmen goed overeen. De waarden op oneindig worden 
bekomen door extrapolatie van de meetgegevens, gebruik makend van een niet-
lineare regressiecurve. De waarden voor wb,∞ zijn vergelijkbaar voor de zuivere 
cementpasta’s en de pasta’s met 50% cementvervanging, maar veel hoger dan de 
waarde die bereikt wordt voor pasta met 85% cementvervanging. Bovendien wordt 
weinig verschil vastgesteld tussen de waarden van Q∞ en de totale warmteproductie 
bereikt na 14 dagen onder semi-adiabatische condities.  

Scheiding van de cement- en slakreactie, op basis van de cumulatieve 
warmteproductiecurves, laat toe de reactiegraden van het cement en de slak apart te 
bepalen. Bij de scheidingsprocedure gaat men er van uit dat er geen slakhydratatie 
optreedt gedurende de eerste uren na mengen en dat de slakhydratatie een continu 
doorgaand proces is over lange tijd.  

Combinatie van de testresultaten verkregen met de verschillende technieken laat toe 
het watergehalte gebonden aan slak (23%, relatief t.o.v. het ongehydrateerd 
materiaal) en cementhydratatieproducten (30%) te schatten bij volledige hydratatie. 
Bovendien wordt de potentiële warmteproductie van slak begroot op 400 – 500 J/g. 
De grootte-orde is vergelijkbaar met de potentiële warmte voor gewoon 
Portlandcement. 

Opvolging van het bindingsproces 

Opvolging van het bindingsproces met behulp van ultrasoonmetingen en 
penetrometertesten toont aan dat zowel het begin als het einde van de binding 
uitgesteld worden naarmate meer cement vervangen wordt door hoogovenslak. De 
verschillende fasen die vastgesteld worden in isotherme hydratatiecurves 
(versnelling, vertraging en periode met traag doorgaande reacties) kunnen ook 
onderscheiden worden in de snelheidscurves, opgemeten met het FreshCon toestel 
(ultrasoonmetingen). Zelfs de extra hydratatiepiek die vastgesteld wordt bij 
mengelingen met slak, kan bij hoge vervangingspercentages teruggevonden worden 
als een sterkere stijging van de ultrasoonsnelheid. 

Porositeit en transporteigenschappen 

Poriëndistributies kunnen berekend worden op basis van waterdampsorptie, 
stikstofsorptie en kwikintrusiemetingen. Iedere methode heeft echter nadelen en 
tekortkomingen waardoor geen enkele van de methoden toelaat de ‘werkelijke’ 
poriëndistributie te bepalen. Bovendien heeft de proefstukvoorbereiding een 
aanzienlijke invloed op de bekomen resultaten (omwille van bijvoorbeeld 
onvolledige droging en poriënstructuurveranderingen). Een eerste aanzet is gegeven 
om de waterdamp adsorptiecurves te modelleren op basis van drie processen: de 
specifieke interacties (waarbij waterstofbruggen gevormd worden) (Langmuir-type 
vergelijking), microporiën vulling (Dubinin-Radushkevich vergelijking) en 
capillaire condensatie in de mesoporiën (Kelvin vergelijking).  

Deze testen, maar ook de waterabsorptieproeven onder vacuüm na droging bij 40°C 
en 105°C tonen duidelijk aan dat de poriënstructuur van slakkenbeton fijner is dan 
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deze van Portlandcementbeton niettegenstaande slakkenbeton een hogere totale 
porositeit vertoont.  

De capillaire wateropslorpingscurves na 14 dagen drogen bij 40°C, tonen duidelijk 
het bestaan van twee wateroplorpingscoëfficiënten aan. Na droging bij 105°C wordt 
slechts één wateropslorpingscoëfficiënt vastgesteld. Dit verschil zou te wijten 
kunnen zijn aan onvolledige en ongelijkmatige uitdroging van proefstukken na 
oven-drogen bij 40°C. De wateropslorpingscoëfficiënten na droging bij 105°C dalen 
naarmate meer cement vervangen wordt door slak en naarmate de proefstukken 
ouder worden. 

De gaspermeabiliteit stijgt voor beton met een stijgend gehalte hoogovenslak. Dit 
fenomeen, dat eerder tegenstrijdig is met literatuurgegevens, treedt op op alle 
leeftijden voor uitgedroogd beton. Er wordt wel vastgesteld dat de relatieve 
gaspermeabiliteit (gaspermeabiliteit van beton met een bepaalde saturatiegraad t.o.v. 
de gaspermeabiliteit van volledig droog beton) daalt naarmate de slak/bindmiddel 
verhouding afneemt.  

Sterkte-ontwikkeling 

De vervanging van cement door slak heeft een nadelige invloed op de initiële sterkte 
van beton. Bij lage vervangingspercentages (tot ~ 50%) zal de sterkte op latere 
leeftijd echter een hogere waarde bereiken dan bij gewoon Portlandcementbeton. 
Hoe lager het vervangingspercentage, des te vroeger deze overschrijding zal 
plaatsvinden. Bij zeer hoge vervangingspercentages blijft de sterkte beperkt. Dit is te 
wijten aan de lage hydratatiegraad van slak. In vergelijking met de bekomen 
resultaten uit het huidige onderzoek zijn de k-waarden, opgenomen in NBN B15-
001 (2004), veilig met betrekking tot betondruksterkte.  

Eenzelfde relatie tussen het volume hydratatieproducten en de druksterkte kan 
gevonden worden, ongeacht the type bindmiddel. Bovendien blijkt dat 
ongehydrateerde cement en slakdeeltjes niet bijdragen tot de sterkte. Deze bevinding 
is in het bijzonder van belang voor mengelingen met hoge vervangingspercentages, 
aangezien daar slechts een beperkte hoeveelheid slak hydrateert. Daarnaast is er 
geen verschil vast te stellen tussen de sterkte van slak- en 
cementhydratatieproducten. 

Duurzaamheid 

Het gedrag van slakkenbeton in verschillende agressieve omgevingen werd 
bestudeerd en vergeleken met Portlandcementbeton. De testresultaten tonen 
duidelijk aan dat de bestandheid van slakkenbeton tegenover zuren, chloriden, 
sulfaten (indien het beton volledig ondergedompeld is) en de alkali-silica reactie 
hoger is. Slakkenbeton presteert slechter in geval van carbonatatie, vorst-dooi met 
dooizouten (bekistingsoppervlakken) en wanneer het partieel of cyclisch 
blootgesteld wordt aan sulfaatoplossingen. Dezelfde conclusies kunnen getrokken 
worden bij toepassing van het ‘concept voor de gelijkwaardige prestatie van beton’ 
(NBN B15-100 (2008)). Hierbij wordt voor iedere specifieke blootstelling het 
gedrag van het slakkenbeton vergeleken met het gedrag van een referentiebeton dat 
voldoet aan de duurzaamheidseisen van die blootstellingsklasse. De aanpak van dit 
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concept lijkt minder omslachtig en éénduidiger dan toepassing van het k-waarde 
concept voor duurzaamheidseigenschappen. Bij bepaalde degradatiemechanismen 
dient voor toepassing van het k-waarde concept de prestatie van 
Portlandcementbeton met minder realistische betonsamenstelling (extreem hoge of 
lage water-cement factor) immers gekend te zijn omwille van het extreme gedrag 
van slakkenbeton (in vergelijking met Portlandcementbeton). Bovendien zouden 
veel meer testresultaten moeten beschikbaar zijn en zou de invloed van chemische 
samenstelling en mengselcompositie bijkomend onderzocht moeten worden 
vooraleer k-waarden van slak voor duurzaamheidseigenschappen kunnen vastgelegd 
worden.   

Aangezien de mate waarin agressieve bestanddelen het beton kunnen binnendringen 
bepaald wordt door de open porositeit en de transporteigenschappen, worden deze 
algemene duurzaamheidsindicatoren soms aangewend om het duurzaamheidsgedrag 
te voorspellen. Het huidige onderzoek wijst echter uit dat de bepaling van deze 
eigenschappen onvoldoende is om het extreem (beter of slechter) gedrag van 
slakkenbeton te verklaren. Bovendien wijzigen bepaalde aantastingsmechanismen 
(bijvoorbeeld carbonatatie) de poriënstructuur drastisch. De chemische 
samenstelling van het bindmiddel en de hydratatieproducten evenals de 
hydratatiegraad spelen een minstens even belangrijke rol. Ook de invloed die de 
verschillende degradatiemechanismen op elkaar uitoefenen mag niet verwaarloosd 
worden (bijvoorbeeld carbonatatie en sulfaataantasting of carbonatatie en 
afschilfering onder inwerking van vorst en dooizouten). 

De volgende specifieke punten werden eveneens vastgesteld tijdens dit onderzoek: 

- Zuuraantasting: Slakkenbeton is meer bestand tegen melkzuur-azijnzuur 
oplossingen, maar geen noemenswaardige verbetering wordt vastgesteld 
wanneer het cementvervangingspercentage verhoogd wordt van 50% tot 
85%. Bemerk wel dat de druksterkte van deze mengelingen sterk daalt 
eenmaal meer dan 50% slak aanwezig is. 

- Sulfaataantasting: Slakkenbeton dat volledig ondergedompeld is, is meer 
bestand tegen sulfaten dan Portlandcementbeton. Bij partiële en cyclische 
onderdompeling wordt het omgekeerde vastgesteld. De verhoogde 
gevoeligheid van slakkenbeton voor carbonatatie kan de testresultaten 
verklaren. 

Het TAP-toestel (toestel voor versnelde aantastingsproeven) blijkt een 
veelbelovende techniek te zijn om partiële sulfaataantasting te bestuderen. 
Stilstaande proefstukken die partieel ondergedompeld zijn, zullen immers 
voornamelijk degraderen juist boven het waterniveau. Met lasersensoren 
kan de aantastingsdiepte bepaald worden en borstelen kan het 
aantastingsproces versnellen. 

- Chloridenindringing: In tegenstelling tot literatuurgegevens levert 
vervanging van cement door slak (in percentages van 50%, 70% en 85%) 
geen verhoogde chloridenbinding op. Dit zou enerzijds te maken kunnen 
hebben met de aangewende meettechniek, maar anderzijds ook met de 
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chemische samenstelling van het gebruikte cement en slak (bv. het (Al2O3 
+ Fe2O3) gehalte in slak en Portlandcement was vergelijkbaar waardoor de  
chemische binding van chloriden mogelijks minder bevorderd werd dan 
verwacht).  

Ook voor slakkenbeton mag de chloride migratiecoëffciënt berekend 
worden op basis van de vereenvoudigde formule uit NT Build 492 (1999). 
In deze formule wordt verondersteld dat de chlorideconcentratie ter hoogte 
van de kleuromslag, na behandeling met een 0,1 molair 
zilvernitraatoplossing, 0,07 mol/l is. Zowel voor Portlandcement- als 
slakkenbeton wijken de experimentele waarden hier sterk van af, maar de 
invloed op de waarde van de migratiecoëfficiënt is beperkt. Bovendien 
geeft toepassing van de vereenvoudigde formule een ‘veilige’ benadering. 

- Vorst-dooibestandheid in combinatie met dooizouten: Bekistingsvlakken 
blootgesteld aan de gecombineerde werking van vorst-dooi cycli en 
dooizouten schilferen meer af als het bindmiddel hoge percentages slak 
bevat. Dit fenomeen treedt niet op als inwendige (afgezaagde) vlakken 
blootgesteld worden. De verminderde eigenschappen van de 
oppervlaktelaag (o.a. te wijten aan uitzweten en carbonatatie) liggen aan de 
basis van de verminderde prestatie van slakkenbeton. 

- Carbonatatie: Niettegenstaande de carbonatatieweerstand van slakkenbeton 
veel lager is, kan de carbonatatiediepte binnen de voorziene levensduur van 
het beton (50 jaar) nog aanvaardbaar zijn voor normale omgevingen. 

Het carbonatatiefront opgemeten met fenolfthaleïne-oplossing bevindt zich 
minder diep dan het front dat kan waargenomen worden met optische 
microscopie. Voor Portlandcementbeton is het verschil beperkt tot enkele 
tienden millimeter, terwijl voor slakkenbeton het verschil kan oplopen tot ~ 
3 mm. 

Aangezien de carbonatatiecoëfficiënten voor hoogovenslak sterk afhangen 
van de duur van de nabehandeling wordt een methode voorgesteld om een 
‘tijdsafhankelijke’ carbonatatiecoëfficiënt te bepalen.  

In tegenstelling tot Portlandcementbeton, wordt een grovere poriënstructuur 
verkregen voor slakkenbeton na carbonatatie. 

- Alkali-silica reactie: Vervanging van cement door hoogovenslak verbetert 
de weerstand tegen de alkali-silica reactie aanzienlijk. Bij zeer hoge 
vervangingspercentages (85%) is het effect echter beperkt.  
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Abstract 

Sustainability is getting more and more attention during the last years. Also in the 
concrete and cement industry, attempts are made to minimize the environmental 
impact. One way to implement this thought, is the use of industrial by-products as 
cement replacing material. The ‘waste’ products are upgraded in high-value 
applications and the need for clinker is reduced. As a consequence, the CO2 
emissions and energy demands associated with the clinker production are reduced. 
This PhD thesis focuses on the use of blast-furnace slag (BFS) as cement replacing 
material.  

Blast-furnace slag, a by-product of the steel production, obtains latent-hydraulic 
properties after rapid cooling and can thus replace clinker in cement. In EN 197-1 
(2000), three types of slag cements are defined: CEM III/A (36 - 65 % BFS), CEM 
III/B (66 - 80 % BFS) and CEM III/C (81 - 95 % BFS)). More recently, in Belgium, 
slag having a technical approval with certification can also be added to the concrete 
mix as a separate component if combined with an Ordinary Portland cement (OPC) 
CEM I having a strength class of 42.5 or higher. In 2004, the k-value concept for 
granulated blast-furnace slag was implemented in the national application document 
of EN 206-1 (2000). NBN B15-001 (2004) describes the rules which should be 
applied. Summarizing, the k-value for BFS amounts to 0.9 and the maximum slag 
content which may be taken into account in the k-value concept is limited  (slag-to-
cement ratio ≤ 0.45 or 0.2 depending on the exposure conditions and (prestressed) 
reinforcement). 

Monitoring the hydration process 

The hydration of OPC blended with BFS is a complex process, since both materials 
have their own reactions which are however influenced by each other. In this study, 
the hydration of cement and slag is monitored by thermogravimetry, calorimetry and  
backscattered electron (BSE) microscopy. Cement pastes containing different 
amounts of BFS (slag-to-binder ratio of 0 to 0.85) are considered at early ages as 
well as at later ages. The test results clearly show an enhancement of the cement 
hydration in the presence of slag: the cement reaction is accelerated, but also reaches 
a higher degree of hydration (~ 74% for OPC pastes and > 90% for pastes with 50 or 
85% BFS after ~ 2 years). During the first days after mixing, also the slag reaction 
initiates: BSE-images reveal that the hydration degree of slag in pastes containing 
50% slag (water-to-cement ratio of 0.5) already reached values of 28% at 2 days. 
For this paste, the slag hydration degree is about 70% after 2 years, while for pastes 
containing very high amounts of slag (85%), this value is reduced to ~ 39%. 

The overall reaction degrees obtained by isothermal calorimetry (Q(t)/Q∞ (Q = 
cumulative heat production)) and thermogravimetry (wb(t)/wb,∞ (wb = bound water 
content)) correspond well. The values at infinity (wb,∞ and Q∞) are estimated by 
extrapolating the data, using a non-linear regression curve. While the value of  wb,∞ 
is about the same for OPC paste and paste containing 50% BFS, a sharp decline was 
recorded for pastes in which 85% of the cement was replaced by BFS. Furthermore, 
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only a slight difference is noticed between Q∞ and the total heat released after 14 
days under semi-adiabatic conditions.  

Separation of the OPC and BFS reaction allows to calculate distinct reaction degrees 
of cement and slag in blended pastes. The separation method applied on the 
cumulative heat production curves assumes that no hydration of slag particles occurs 
during the first hours after mixing and implies a ongoing slag hydration with time. 

The chemically bound water content in cement and slag hydration products for fully 
hydrated pastes is estimated respectively at 30% and 23%, relative to the anhydrous 
material. The potential heat production of slag is estimated at 400 – 500 J/g. The 
order of magnitude is comparable to that of OPC.  

Monitoring the setting behaviour 

The setting behaviour of mortar and concrete with BFS is monitored by ultrasonic 
measurements (P-wave velocity) and penetration resistance tests. Both methods 
indicate that the initial and final setting times are prolonged for mortar/concrete 
containing increasing amounts of BFS. The different phases registered in hydration 
curves (acceleration period, deceleration period and period of slowly continued 
hydration) can also be distinguished on P-wave velocity curves. For mortar/concrete 
containing high amounts of BFS, a second steep increase in P-wave velocity 
(corresponding with the acceleration period of the third hydration peak) is even 
recorded.  

Porosity and transport properties 

Pore size distributions can be obtained from water vapour sorption, nitrogen sorption 
and mercury intrusion. Each of these methods has however its own drawbacks and 
shortcomings and none of these methods allows to determine the ‘real’ pore 
distribution. Moreover, sample preparation seems to have a considerable influence 
on the test results (because of incomplete drying and pore structure alterations). A 
first attempt is made to model water vapour adsorption isotherms based on three 
processes: specific interactions (hydrogen bonding) (Langmuir-type equation), 
micropore filling (Dubinin-Radushkevich equation) and capillary condensation in 
mesopores (Kelvin equation).  

Vacuum water absorption tests after drying at 40°C and 105°C clearly indicate that 
BFS concrete obtains a finer pore structure than OPC concrete, although the total 
open porosity of BFS concrete is higher. The capillary water sorption experiments 
after oven-drying at 40°C for 14 days clearly show the existence of two sorptivity 
coefficients. After oven-drying at 105° only one sorptivity coefficient can be 
calculated. This difference can be attributed to incomplete and unequal drying of the 
specimens after oven-drying at 40°C. The sorptivity coefficients after drying at 
105°C decrease with increasing BFS in the mix and also with concrete age. 

The gas permeability increases for mixes with increasing cement replacement levels 
(especially for a slag-to-binder ratio of 85%). This phenomenon is recorded at all 
ages for dry concrete specimens. Furthermore, the relative gas permeability (gas 
permeability of concrete with a certain saturation degree relative to the gas 
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permeability of dry concrete) decreases for mixes with decreasing slag-to-binder 
ratios.  

Strength development 

The early age strength of concrete is affected if cement is replaced by BFS. For low 
replacement levels (up to ~ 50%), the strength of BFS concrete can however exceed 
that of OPC concrete at later ages. The lower the cement replacement level, the 
earlier the higher strength will be reached. For high cement replacement levels, the 
strength remains limited due to the low hydration degree of slag. In comparison to 
the current research results, the k-values of NBN B15-001 (2004) are safe with 
regard to concrete compressive strength. 

Irrespective of the type of binder, the same relationship is found between the volume 
of the formed hydration products and the compressive strength. Moreover it is 
demonstrated that unhydrated cement and slag particles do not contribute to the 
strength development. This issue is especially important for pastes containing very 
high amounts of slag, since a lot of unhydrated slag particles are present, also at later 
ages. Moreover, no difference can be found between the strength of slag hydration 
products and cement hydration products. 

Durability behaviour 

The behaviour of BFS concrete in aggressive environments was investigated and 
compared to the behaviour of OPC concrete. The test results clearly indicate a 
higher resistance of BFS concrete against acids, chlorides, sulphate (in case of 
complete submersion) and the alkali-silica reaction. The performance of BFS 
concrete is worse in case of carbonation, frost-salt attack with de-icings salts 
(moulding surfaces) and when concrete is cyclically or partially exposed to sulphate 
solutions. The same conclusions can be drawn based on the equivalent performance 
concept (NBN B15-100 (2008)). This approach compares the behaviour of BFS 
mixes with that of reference OPC mixtures which fulfil the requirements for a 
specific exposure class. This concept seems to be simpler and less ambiguous than 
the application of the k-value concept for durability properties. Since BFS concrete 
performs extremely better or worse than OPC concrete with regard to certain 
degradation mechanisms, the performance of OPC concrete with unrealistic low or 
high water-to-cement ratios should be known to be able to apply the k-value 
concept. A well-founded approach requires much more test results than obtained in 
this research. Moreover, the question arises whether k-values for durability 
characteristics will be universally applicable since the chemical composition as well 
as the concrete composition can have a considerable effect on the durability 
behaviour.  
 
The extent to which aggressive constituents can penetrate into concrete depends 
mainly on the open porosity and the transport properties. Therefore, these general 
durability indicators are sometimes applied to predict the durability behaviour of a 
concrete mix. The current research reveals however that the knowledge of these 
characteristics is not sufficient to explain the extreme (better or worse) performance 
of BFS concrete. Moreover, certain degradation mechanisms (e.g. carbonation) can 
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significantly alter the pore structure. The chemical composition of the binder and the 
hydration products as well as the hydration degree are at least as important. Finally, 
different attack mechanisms can influence each other and combined effects can be 
more harmful. 
 
Other research findings with regard to concrete durability are summarized as 
follows: 

- Acid attack: BFS concrete, exposed to a lactic-acetic acid solution, 
performs significantly better than OPC concrete. However, the concrete’s 
acid resistance does not improve considerably if the cement replacement 
percentage is increased from 50% to 85%. Remember however that the 
mechanical performance of BFS concrete reduces considerably once more 
than 50% of the cement is replaced by slag. 

- Sulphate attack: BFS concrete which is completely submerged performs 
better than OPC concrete. The reverse is true when concrete is partially or 
cyclically submerged. The vulnerability of BFS concrete towards 
carbonation can explain the obtained test results. 

The TAP equipment will probably be a promising technique to quantify 
sulphate attack for partially submerged concrete. For specimens which 
remain in a fixed position the degradation just above the water level can be 
measured by the laser sensors and the deterioration can be accelerated by 
brushing at regular intervals. 

- Chloride ingress: The current research results do not show an enhanced 
binding of chlorides when cement is replaced by slag. This is in contrast to 
literature data. On the one hand, this can be due to the measuring technique, 
on the other hand the chemical composition of the cement and slag can be 
the reason (e.g. since the (Al2O3 + Fe2O3) content of the slag was 
comparable to that of OPC, chemical binding of chlorides was maybe not 
so much favoured as supposed).  

For BFS concrete, the non-steady state chloride migration coefficient may 
also be calculated according to the simplified formula of NT Build 492. 
This formula supposes a chloride concentration of 0.07 mol/l at the colour 
change boundary after spraying with a 0.1 M AgNO3 solution. For both 
BFS and OPC concrete, the experimental values deviate from this 
prescribed value but the influence on the value of the migration coefficient 
is limited. Moreover, the non-steady state migration coefficient, as 
calculated with the simplified formula, gives a safe approximation.  

- Frost-salt scaling: Moulding surfaces exposed to the combined effect of 
freeze-thaw processes and de-icing salts suffer more from scaling if the 
binder contains a considerable amount of BFS. This phenomenon is not 
recorded for interior surfaces. The inferior characteristics of the surface 
layer of BFS concrete (e.g. because of bleeding and carbonation) are the 
cause of the bad performance. 
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- Carbonation: Although BFS concrete has a lower carbonation resistance 
than OPC concrete, the depth of carbonation at the end of the concrete’s 
life (50 years) can still be acceptable in normal environments.  

In comparison to phenolphthalein spraying, a deeper carbonation front is 
observed by optical microscopy. The difference is limited to tenths of 
millimetres for OPC concrete, but increases up to ~ 3 mm for BFS concrete. 

Because carbonation coefficients of BFS concrete strongly depend on the 
period of curing, a method is proposed to determine a ‘time-dependent’ 
carbonation coefficient.  

In comparison to OPC concrete, the pore structure of BFS concrete 
coarsens after carbonation. 

- Alkali-silica reaction: Replacement of cement by 50% or 70% BFS can 
suppress the expansion due to ASR. For very high replacement levels 
(85%), the concrete’s resistance is only slightly improved (in comparison to 
OPC concrete). 
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Chapter 1 

General introduction 

1.1 Blast-furnace slag, a latent-hydraulic by-product of the iron 
industry 

When iron ore, lime and cokes are heated up to 1350 – 1500°C in a blast-furnace, 
the iron oxide ore is reduced by means of coke to produce the molten iron. Besides, 
SiO2 and Al2O3 react with lime and magnesia to form a liquid slag. Both products 
can be easily separated from each other because of their different densities. Per 
tonne pig iron, about 300 kg slag is produced.  

While slag is a by-product in the manufacture of iron, it is of major importance for 
the cement industry. To obtain latent-hydraulic properties, the slag has to be cooled 
very rapidly to below 800°C. In most cases, the slag is cooled by water, dried and 
ground to fine powder. This ground granulated blast-furnace slag (BFS) contains 
over 95% of glass and has a high reactivity. Contrarily, when cooling takes place 
more slowly, the glass fraction decreases leading to a significant reduction of the 
reactivity when crystalline minerals are present. Pelletized slag can still be used in 
blended cements although the glass content can be as low as 50%, while air-cooled 
slag has almost no cementing properties (Neville, 1995; Taylor, 1997; Hewlett, 
1998; Chen, 2006).  

Because of its latent-hydraulic properties, BFS reacts very slowly when brought into 
contact with water since a protective film deficient in Ca2+ is formed and inhibits 
further reaction (Taylor, 1997). As the slag reaction can only continue when the pH 
is sufficiently high, activators are added. The so called Alkali-Actived Slag (AAS) 
consists of BFS with 3.5 – 5.5% of Na2O and the added activator can for instance be 
NaOH or sodium silicate (Taylor, 1997). The effectiveness of calcium sulphate as 
activator is rather small, unless a little alkali is added. It is more a reactant since Ca2+ 
and Al(OH)4

- ions released from the slag combine with sulphate to form ettringite 
(Taylor, 1997). In most cases, slag is blended with ordinary Portland cement (OPC). 
The reaction of BFS is then activated by the presence of alkali hydroxides in the 
pore solution and the Ca(OH)2 (CH), released during the OPC hydration. In this 
research, only the combination of BFS with OPC will be considered.  

Granulated blast-furnace slag has been applied in the cement industry over 100 
years. Already in 1880, granulated slag was used with OPC as activator (Embrechts, 
2007). However, until the 1950’s, slag was mainly used as raw material for the 
production of OPC (Chen et al., 2007). Nowadays, slag is widely used in the cement 
and concrete industry and over 16 million tonnes per year granulated slag is 
produced by the European steel industry (Website Orcem).  
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1.2 Problem statement 

The use of high-quality by-products as cement replacing material significantly 
reduces the need for clinker production and hence the associated CO2-emissions and 
contributes to a sustainable cement industry. One of these additives is BFS, a by-
product of the manufacture of iron. The blended cements, in which BFS and OPC 
are ground together, have been applied for decades. According to EN 197-1 (2000), 
three types of blast-furnace slag cements are defined: CEM III/A (36 - 65 % BFS), 
CEM III/B (66 - 80 % BFS) and CEM III/C (81 - 95 % BFS). More recently, in 
Belgium, BFS (having a technical approval ATG with certification) is also added to 
the concrete mixture as a separate component.  

The hydration of OPC blended with BFS is a complex process since both materials 
have their own reactions which are however influenced by each other. Moreover, the 
effect of the slag on the hydration process is still not entirely known and little 
research concerning the separation and interaction of both reactions can be found in 
literature. Furthermore, the microstructure development and consequently the 
strength development and durability behaviour of concrete containing (high) 
percentages of BFS is different from OPC concrete. The microstructure development 
of concrete with BFS depends on the amount and reactivity of the slag. The main 
influencing parameters are: the glass fraction, the chemical and mineralogical 
composition, the fineness, the activator and the temperature during hydration.  
In literature, some known effects of BFS on the characteristics of fresh concrete can 
be found: a reduction of the water amount, segregation and bleeding; a decrease of 
the CH-content and Ca-to-Si (C/S) ratio of the calcium silicate hydrates (CSH); a 
decrease of the total heat production and a longer setting and hardening time. 
Furthermore, effects of slag on hardening and hardened concrete are: a slower early 
strength development; a finer pore structure; an increased susceptibility to curing; a 
decreased diffusion rate of chloride ions; an increased resistance to organic acids. 
However, concerning certain effects of BFS as e.g. the consumption of CH during 
the BFS hydration, the susceptibility of BFS concrete to sulphate attack, the 
influence of an electrical field on chloride binding, the chloride concentration at the 
colour change boundary obtained after spraying AgNO3 solution, … different 
research results disagree. Furthermore, cement replacement levels as high as 85% 
were seldom considered. Moreover, less attempts were made to take the effects of 
BFS into account in hydration, strength and durability models.   

1.3 Objectives and scope 

The aim of this thesis is to investigate the effect of BFS on hydration, microstructure 
development, strength and durability of concrete. The thesis focuses on the use of 
BFS as partial replacement for Ordinary Portland cement in concrete. OPC and BFS 
were both added as separate components to the concrete mixes. 
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1.3.1 Microstructure development  

Different methods, which allow to evaluate the microstructure (development), were 
applied: 

- Ultrasonic measurements: Non-destructive techniques are an upcoming 
method to continuously monitor the microstructure development of fresh 
concrete. In this research, ultrasonic measurements were performed with 
the FreshCon system, developed at the University of Stuttgart, on concrete 
and mortar containing different amounts of BFS. Changes in ultrasonic 
wave velocity allowed to observe the setting behaviour of the different 
mixes. 

- Characterisation of the microstructure: The durability and strength 
development of concrete are closely connected with the pore structure. 
Techniques like optical microscopy, scanning electron microscopy (SEM), 
mercury intrusion porosimetry (MIP), nitrogen and water vapour 
adsorption, etc. allowed to investigate the pore structure and some of them 
gave also information about open and closed porosity and the pore size 
distribution. A rough estimate of the open porosity was obtained by water 
absorption and permeability tests.  

- Hydration heat and hydration degree: The hydration heat and degree are 
indicators for the hydration reaction of cement and slag. Backscattered 
electron (BSE) microscopy allowed to visualize the hydration reactions: the 
extent to which slag particles are hydrolysed and take part in the hydration 
process could be observed. With thermogravimetric (TG) analyses the 
bound water content, CH and CaCO3 content could be determined: the 
differences between pastes with and without slag could give information 
about the stoichiometry and nature of the hydration and could give an 
indication about the extent to which slag hydration products are formed.  

1.3.2 Strength development 

Most of the strength models, found in literature, are only applicable for OPC 
concrete. The compressive strength fc is estimated by the w/c-ratio, a factor ‘K’ 
depending on the cement type and a parameter ‘a’ changing with concrete age and 
curing (Eq. (1.1)) (Papadakis and Tsimas, 2002).  








 −⋅= a
w

c
Kfc  (1.1) 

However, the effect of BFS can be incorporated in existing strength models, using 
the k-value concept. This efficiency factor k is defined as the part of the BFS which 
is equivalent with the OPC. The expression for the effective cement content ceff (in 
kg/m³ concrete) is given in Eq. (1.2), where c and s are respectively the cement and 
slag content in concrete (kg/m³ concrete). 
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skcceff ⋅+=  (1.2) 

According to NBN B15-001 (2004), the value of k can be set to 0.9 for concrete 
with CEM I 42.5 (and higher) and ground granulated slag (having a technical 
approval with certification) and the maximum amount of slag which might be taken 
into account depends on the exposure conditions. Based on the findings of 
Papadakis and Tsimas (2002) and Papadakis et al. (2002), k-values depending on 
concrete age and replacement percentage were defined in this research.  

1.3.3 Durability of BFS concrete 

The durability of concrete containing BFS differs from OPC concrete and thus 
requires investigation regarding different deterioration processes. Therefore, 
accelerated degradation tests were performed to investigate the resistance against 
sulphates, organic acids, chloride penetration, freezing and thawing cycles with de-
icing salts, carbonation and the alkali-silica reaction. The varying durability of 
concrete mixes, depending on slag content and concrete age, was explained by 
changing chemical composition, physico-chemical properties and microstructure.  

In this research project, the concept of durability indicators is discussed. Moreover, 
the k-value concept and the equivalent performance concept were applied to 
evaluate the performance of BFS concrete for each degradation mechanism. 
Papadakis et al. (2002) found for concrete containing supplementary cementing 
materials k-values of 2 – 2.5 for chloride ingress. In EN 206 (2001), the exposure 
conditions determine the required w/c and c.   

1.4 Outline of the thesis 

The thesis consists of 10 chapters. The first two chapters give some general 
information concerning the research project (Chapter 1), the used materials (cement, 
BFS, aggregates) and the composition of the mixes (cement paste, mortar and 
concrete) (Chapter 2). The subsequent 8 chapters are grouped into three parts.  

Part I deals with the hydration and microstructure development of concrete 
containing BFS. Chapter 3 gives a literature review with regard to the effect of BFS 
on the microstructure development of concrete and the hydration of OPC and BFS. 
In Chapter 4, the different experimental techniques, which are applied in the current 
research, are discussed. Subsequently, the experimental results of this part are 
reported. The hydration and setting of concrete containing BFS which was 
monitored by different techniques (thermogravimetry, backscattered electron 
microscopy, calorimetry, ultrasonic measurements) is discussed in Chapter 5. In 
Chapter 6, the results with regard to the porosity and transport properties of BFS 
concrete are presented.   

In Part II, a short literature overview is first given concerning the strength 
development of BFS concrete and the k-value concept. Subsequently, the 
compressive strength results are presented and the experimental k-values are 
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determined and compared to the prescriptions of the standard. Finally, the effect of 
the microstructure development on strength of concrete containing BFS is discussed. 
Part II consist merely of one chapter (Chapter 7). 

The durability behaviour of BFS concrete is considered in Part III. Chapter 8 gives a 
short literature review with regard to different degradation mechanisms and the 
effect of cement replacement by BFS on the performance of concrete. In Chapter 9  
the applied (accelerated) test methods are discussed. The experimental results are 
then reported in Chapter 10. Moreover, the performance of BFS concrete is 
evaluated based on the concept of durability indicators, the k-value concept and the 
equivalent performance concept.  

To conclude, the main research findings and the perspectives for future research are 
formulated. 
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Chapter 2 

Concrete compositions 

2.1 Materials  

2.1.1 Ordinary Portland Cement 

Ordinary Portland cement (OPC) CEM I 52.5 N, complying with the European 
standard EN 197-1 (2000) was used for all paste, mortar and concrete mixtures. 
High sulphate resistant cement CEM I 52.5 N HSR (OPC/HSR) was only used for a 
few isothermal calorimetric tests. Table 2.1 summarizes the chemical composition, 
Blaine fineness and density of the different batches cement, determined according to 
the standards NBN EN 196-2 (2005) and NBN EN 196-6 (1991). As can be seen, 
only a slight difference can be noticed between the CEM I 52.5 N batches. Based on 
the obtained oxide fractions, the mineralogical composition was calculated with the 
formula of Bogue for A/F ≥ 0.64 (Eq. (2.1)) and can be found in Table 2.1.  

Table 2.1: Chemical composition (%), mineralogical composition according to 
Bogue calculations (%), Blaine fineness (m²/kg) and density (kg/m³) of ordinary 
Portland cement CEM I 52.5 N. 

  OPC(I) OPC(II) OPC(III) OPC(IV) OPC/HSR(I)* OPC/HSR (II) 

CaO C 62.21 63.12 63.37 63.48 61.56 63.36 
SiO2 S 18.84 18.73 18.90 19.61 19.94 21.65 
Al 2O3 A 5.39 4.94 5.74 5.96 3.13 3.62 
Fe2O3 F 3.79 3.99 4.31 4.13 4.76 4.13 
MgO M 0.86 1.02 0.89 0.92 / 2.02 
K2O  / / 0.73 0.64 0.66 0.51 
Na2O  / / 0.47 0.49 0.24 0.19 
SO3  3.06 3.07 3.34 2.72 2.54 2.26 
CO2  0.72 0.65 0.50 0.83 / 0.43 

Insoluble 
residue 

 0.25 0.21 0.41 0.36 / 0.36 

LOI  1.65 2.12 1.51 1.78 5.45 1.28 
C3S  59.67 66.92 60.05 55.64 63.93 56.68 
C2S  9.00 3.22 8.89 14.25 9.03 19.32 
C3A  7.87 6.34 7.92 8.81 0.25 2.61 

C4AF  11.53 12.14 13.12 12.57 14.47 12.57 
Blaine 

fineness  
 390 359 353 / 310 447 

Density  / 3062 3122 3107 / 3137 
(/) value not determined 
(*) values obtained from Baert (2009) 
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(2.1)  

2.1.2 Blast-furnace slag 

2.1.2.1 Composition 

The blast-furnace slag (BFS), used in this research, was chemically analysed 
according to NBN EN 196-2 (2005). The chemical composition, Blaine specific 
surface and density (NBN EN 196-6) and the water content (BUtgb, 2004) of the 
different BFS batches are tabulated in Table 2.2. For the BFS (I), (II) and (III), from 
French origin, a setting regulator was added, while BFS (IV), from Belgian origin, 
contains no regulator.  

Table 2.2: Chemical composition (%), Blaine fineness (m²/kg), water content (%) 
and density (kg/m³) of blast-furnace slag. 

 
 

BFS (I) BFS (II) BFS (III) BFS (IV) 
CaO 40.38 42.64 41.24 41.83 
SiO2 34.35 33.86 36.37 36.32 
Al 2O3 11.36 8.91 9.83 10.72 
Fe2O3 0.48 0.69 0.26 0.21 
MgO 7.57 7.39 7.41 8.97 
K2O 0.37 0.52 0.41 0.37 
Na2O 0.29 0.28 0.28 0.27 
SO3 1.65 1.62 1.62 0.03 
S2- 0.77 0.72 0.79 0.91 

CO2 0.25 0.36 0.90 0.22 
Mn 0.17 0.19 / / 
Cl- 0.01 0.01 0.02 0.05 

Insoluble residue 0.05 0.16 0.43 0.25 
LOI / / 1.30(*) 0.76(*) 

Blaine fineness 400 397 394 406 
Water content 0.18 0.16 0.57 0.16 

Density 2832 2936 2830 2896 
(/) value not determined 
(*) Correction for oxidation of sulfides has been taken into account 

The glass fraction of BFS II was determined by X-ray diffraction (XRD) (Cu-anode 
/ 5-65°2θ / stepsize 0.02° / 20 s counting time) (Figure 2.1). Since the halo, 
representing the amorphous glass fraction, is very large, and the crystalline region is 
consequently very small, the exact percentage glass could not be determined. 
However, this means that the BFS is almost completely glassy and very reactive 
(Chen, 2006).  
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Figure 2.1: XRD-pattern of BFS II (the mineral identification lines are not rescaled 
to the peak intensities and are consequently not representative for the amounts of 
minerals). 

The CaO-SiO2-Al 2O3-MgO glass structure of unreacted BFS yields a broad and 
diffuse background peak with a maximum at ~ 30° 2θ (Song and Jennings, 1999; 
Kumar et al., 2008). Besides glass, anhydrite (CaSO4) (setting regulator) is a main 
constituent of the BFS. Accessory constituents are gypsum (CaSO4.2H2O), calcite 
(CaCO3) and larnite (Ca2SiO4 [β C2S]). Moreover, the uncertain accessory 
components which could be detected were: vaterite (CaCO3 – polymorphous), 
rhodochrosite (MnCO3), Daubreelite (FeCr2S4), villamaninite (Cu,Ni,Fe)S2, 
gehlenite (Ca2Al 2SiO7 [C2AS]) and pyrrhotite (Fe1-xS with x = 0 to 0.2). 

2.1.2.2 Standardization 

(i) The standard concerning the use of ground granulated blast-furnace slag in 
concrete, mortar and grout is NBN EN 15167-1/2 (2007). According to this 
standard, the chemical and physical properties of the ground granulated BFS shall be 
conform to the requirements of Table 2.3. As can be seen, the four BFS (BFS (I), 
(II), (III), (IV)) batches applied in this study comply (remark that the single values 
obtained during this research were compared to the characteristic values of the 
chemical and physical requirements). Moreover, the standard specifies that the 
composition and performance of BFS shall be such that durable concrete can be 
made with it. BFS complying with this standard is deemed to satisfy the durability 
requirements, provided that other requirements for durability in relevant (regional) 
standards are fulfilled. Furthermore, the cement, with which the BFS shall be 
combined, has to be an Ordinary Portland cement with a strength class ≥ 42.5, a 
Blaine fineness of at least 300 m²/kg, a C3A-content between 6 and 12% and an 
alkali-content (in Na2O-equivalent) of 0.5 to 1.2%. The cements CEM I 52.5 N 
(OPC (I), (II), (III), (IV)) applied in this research all fulfil the requirements.    
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The conformity of BFS to the requirements of NBN EN 15167-1/2 has to be 
confirmed by initial type testing and factory production control by the manufacturer, 
including product assessment.  

Table 2.3:  Physical, chemical and mechanical requirements for BFS applied in 
concrete, mortar and grout according to NBN EN 15167-1. The chemical and 
physical requirements are specified as characteristic values.  

NBN EN 15167-1 (2006) BFS  
(I) 

BFS  
(II) 

BFS 
(III) 

BFS 
(IV) 

(CaO + MgO + SiO2) > 66.7 % 82.30 83.89 85.02 87.12 

(CaO + MgO) / SiO2 > 1 1.40 1.48 1.34 1.40 
MgO ≤ 18 % 7.57 7.39 7.41 8.97 

Sulphide ≤ 2 % 0.77 0.72 0.79 0.91 
Sulphate ≤ 2.5 % 1.65 1.62 1.62 0.03 
Chloride ≤ 0.1 % b 0.01 0.01 0.02 0.05 

Loss on ignition a ≤ 3 % / / 1.30 0.76 
Moisture content ≤ 1 % 0.18 0.16 0.57 0.16 
Blaine fineness ≥ 275 m²/kg 400 397 394 406 

CP0 setting initial
CP50 setting initial c ≤ 2 / 0.78  

 
0.95 0.73 

Activity index 7 days d ≥ 45% 67% / 68% 70% 
Activity index 28 days d ≥ 70% 85% / 90% 90% 

a Loss on ignition corrected for oxidation of sulphide. 
b Maximum Cl- content may exceed 0.1%, but it must be indicated 
c Composition of the pastes CP0 and CP50 (see section 2.2.1) 
d Activity index of M50 (see section 2.2.2 for the mortar composition) 
/  not measured 

(ii) In Table 2.4, the chemical, physical and mechanical requirements to obtain a 
technical approval (ATG) (BUtgb, 2004) for ground granulated blast-furnace slag 
are summarized and compared with the characteristics of BFS (I), (II), (III) and (IV). 
From the available test results, it seems that the requirements are probably fulfilled. 

Besides these performance criteria, the guideline also describes the identification of 
the LMA (laitier moulu agree), the initial type testing and time schedule for 
production control, modalities of external inspection, certification and marking. In 
the ATG, the combinations and proportions (maximum slag-to-cement (s/c) ratio = 
70/30) of LMA/OPC (certified ordinary Portland cement CEM I), which are 
consistent with the guideline, are mentioned and are regularly updated.  
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Table 2.4: Physical, chemical and mechanical requirements for BFS to obtain a 
technical approval. The chemical and physical requirements are specified as 
characteristic values. 

Technical approval BFS  
(I) 

BFS  
(II) 

BFS  
(III) 

BFS  
(IV) 

(CaO + MgO + SiO2) 
a > 66 % 82.30 83.89 85.02 87.12 

(CaO + MgO) / SiO2 
a > 1 1.40 1.48 1.34 1.40 

Magnesium ≤ 14 % 4.56 4.46 4.47 5.41 
SO3 Indicated 

content ± 
0.5% 

1.65 1.62 1.62 0.03 

Sulphide ≤ 2 % 0.77 0.72 0.79 0.91 
Chloride ≤ 0.1 % c 0.01 0.01 0.02 0.05 
Mn2O3 ≤ 2 % 0.24 0.27 / / 

Na2O-equivalent ≤ 1.2 % c 0.53 0.62 0.55 0.51 
Loss on ignition ≤ 5 % / / 1.30 b 0.76 b 

Moisture content ≤ 1 % 0.18 0.16 0.57 0.16 
Insoluble residue ≤ 5 % 0.05 0.16 0.43 0.25 
Glass fraction a > 66 % / / / / 
Blaine fineness Indicated 

fineness  
± 30 m²/kg 

400 397 394 406 

Initial setting d ≥ 75 min  
(class 32.5) 
≥ 60 min  

(class 42.5) 
≥ 45 min  

(class 52.5) 

CP30: 
236 min 
CP50: 

272 min 
CP70: 

450 min 

CP30: 
207 min 
CP50: 

241 min 
CP70: 

275 min 

CP30: 
195 min 
CP50: 

250 min 
CP70:  

374 min 

CP30: 
215 min 
CP50: 

190 min 
CP70:  

260 min 
Soundness d < 10 mm CP30: 

0.5 mm 
CP50: 
0.2 mm 
CP70:  
0.4 mm 

CP30: 
0.05 mm 
CP50: 

0.05 mm 
CP70:  
0 mm 

CP30: 
4 mm 
CP50: 
0.2 mm 
CP70:  

0.75 mm 

CP30: 
2.6 mm 
CP50: 

0.75 mm 
CP70:  

3.25 mm 
Compressive strength d Depending 

on the 
strength 

class (table 
1 of ATG) 

See Table 
2.5  

/ See Table 
2.5 

See Table 
2.5 

a Tests must be performed on slag and not on the LMA (ground granulated slag, to which 
calcium sulphate is possibly added during grinding) 
b Loss on ignition corrected for oxidation of sulphide. 
c Maximum content may exceed the limit value, but it must be indicated 
d For s/c ratios of 30/70, 50/50 and 70/30 (see section 2.2.1 and 2.2.2 for the composition of 
the pastes and mortars) 
/  not measured 
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Table 2.5: Mean values (in N/mm²) and standard deviation (between brackets (n = 
3)) of the compressive strength of mortar containing different amounts of BFS at 2, 
7 and 28 days. 

 BFS (I) +  
OPC (II) 

BFS (III) + OPC 
(III) 

BFS (IV) + OPC 
(III) 

M30 – 2d 22.9 (1.7) 19.6 (2.4) 17.0 (1.1) 
M30 – 7d 39.6 (0.5) 28.1 (3.8) 29.6 (2.2) 
M30 – 28d 58.6 (1.2) 45.7 (4.8) 44.5 (6.2) 
M50 – 2d 16.4 (1.0) 12.1 (1.0) 12.5 (0.4) 
M50 – 7d 33.4 (1.9) 22.2 (2.1) 22.7 (2.8) 
M50 – 28d 53.6 (0.9) 42.7 (2.0) 42.9 (1.6) 
M85 – 2d 9.9 (0.8) 5.3 (0.4) 5.5 (0.6) 
M85 – 7d 25.9 (2.5) 20.4 (2.9) 15.0 (1.7) 
M85 – 28d 47.4 (3.8) 40.6 (2.6) 37.7 (2.4) 

2.1.3 Blast-furnace slag cements 

In this research BFS is added to the concrete mix as a separate component. 
However, for some tests also blended cements (CEM III/A, CEM III/B and CEM 
III/C) were used. The chemical composition, Blaine fineness and density of these 
cements is tabulated in Table 2.6. 

Table 2.6: Chemical composition (%), Blaine fineness (m²/kg) and density (kg/m³) 
of blended cements. 

  CEM III/A 
32.5 N LA 

CEM III/A 
42.5 N LA 

CEM III/B 
42.5 N HSR LA 

CEM III/C 
32.5 N HSR LA 

CaO C 49.85 51.88 45.17 43.66 
SiO2 S 26.88 25.15 28.78 31.55 
Al 2O3 A 8.30 7.39 8.89 9.42 
Fe2O3 F 2.01 2.32 1.55 0.83 
MgO M 4.22 4.00 5.80 6.67 
SO3  2.97 3.29 3.33 2.07 
CO2  1.16 1.17 1.83 0.97 

Insoluble 
residue 

 0.13 0.39 0.35 0.34 

LOI  1.64 1.86 2.12 0.77 
Blaine 

fineness  
 346 486 450 420 

Density  2991 3005 2936 2896 

2.1.4 Aggregates 

The grain size distribution of the different batches sand 0/4, gravel 2/8 and gravel 
8/16 are shown in Figure 2.2. As can be seen, for the coarse aggregates, there is 
almost no difference between the particle size distribution of the different batches, 
while more variation can be noticed for the fine aggregate. Furthermore, the particle 
size distribution of coarse white glass, applied in the concrete mixtures to investigate 
the effect of BFS on the alkali-silica reaction, is also presented in Figure 2.2. 
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Figure 2.2: Particle size distribution of sand 0/4, gravel 2/8, gravel 8/16 and coarse 
white glass. 

2.2 Mix design 

2.2.1 Cement paste 

Cement pastes with a water-to-binder (w/b) ratio of 0.5 and slag-to-binder (s/b) 
ratios of 0, 0.15, 0.30, 0.50, 0.70 and 0.85 were made (Table 2.7). Generally, the 
components were mixed for 2 minutes with a mixer similar to the one described by 
EN 196-1 (2005).  

Table 2.7: Mixture proportions per batch cement paste (w/b = 0.5) (g) 
 CP0 CP15 CP30 CP50 CP70 CP85 

OPC 1000 850 700 500 300 150 
BFS 0 150 300 500 700 850 

Water 500 500 500 500 500 500 

Besides the pastes with a w/b ratio of 0.5, some additional tests were performed on 
cement pastes with a w/b ratio of 0.4 (indicated by CPxx(0.4)). 

2.2.2 Mortar 

Standard mortar mixtures, according to EN 196-1 (2005), consist of (1350 ± 5) g 
CEN standard sand, (450 ± 2) g cement and (225 ± 1) g water. In this research, the 
cement was partially replaced by BFS. The s/b ratios were 0, 0.15, 0.30, 0.50, 0.70 
and 0.85 and the w/b ratio was kept constant at 0.5 (Table 2.8). The mixing 
procedure is described in EN 196-1 (2005). 
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Table 2.8: Mixture proportions per batch mortar (w/b = 0.5) (g) 
 
 

M0 M15 M30 M50 M70 M85 
OPC 450 382.5 315 225 135 67.5 
BFS 0 67.5 135 225 315 382.5 

Water 225 225 225 225 225 225 
Sand 1350 1350 1350 1350 1350 1350 

The mortar mixtures mentioned above were normally used in this research. 
Exceptionally, to examine the resistance against sulphate attack according to the 
standard ASTM C1012-04 and the procedure described by Wittekindt (Verein 
Deutscher Zement Werke (VDZ), 1996), the w/b ratios of the mortars were 
respectively 0.485 (Table 2.9) and 0.6 (Table 2.10).  

Table 2.9: Mixture proportions per batch mortar (w/b = 0.485) (g) 
 
 

M0 (ASTM) M50 (ASTM) M85 (ASTM) 
OPC 450 225 67.5 
BFS 0 225 382.5 

Water 218.25 218.25 218.25 
Sand 1237.5 1237.5 1237.5 

Table 2.10: Mixture proportions per batch mortar (w/b = 0.6) (g) 
 M0 (Wittekindt) M50 (Wittekindt) M85 (Wittekindt) 

OPC 450 225 67.5 
BFS 0 225 382.5 

Water 270 270 270 
Sand 1350 1350 1350 

2.2.3 Concrete 

Besides the reference concrete (S0), containing only OPC as binder, mixes in which 
15% to 85% of the cement was replaced by BFS were made (Table 2.11). The BFS 
was added to the concrete mix as a separate component. The mix procedure was as 
follows: cement, slag, sand and aggregates were dry-mixed for 1 minute; thereafter, 
water was added and mixing took place for an extra 2 minutes. No admixtures 
(superplasticizer, air entrainer, activator) were used to preclude additional effects of 
these materials on the hydration reaction and strength development and to enable to 
examine only the effect of cement replacement by BFS. 

Table 2.11: Composition for 1 m³ concrete (w/b = 0.5) (kg)  
 
 

S0 S15 S30 S50 S70 S85 
OPC 350 297 245 174 105 52 
BFS 0 53 105 174 244 295 

Water 175 175 175 174 174 174 
Sand 0/4 791 790 789 788 787 785 

Gravel 2/8 425 425 424 423 423 422 
Gravel 8/16 618 617 617 616 615 614 

Besides the mixes mentioned in Table 2.11, concrete mixes containing potentially 
reactive aggregates (coarse white glass) were made to compare the resistance of 
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OPC concrete and concrete containing (high) amounts of BFS to the alkali-silica 
reaction. The mixture proportions of these concrete mixes are tabulated in Table 
2.12. 

Table 2.12: Composition for 1 m³ concrete (w/b = 0.5) containing potentially 
reactive aggregates to the alkali-silica reaction (kg) 

 
 

S0 (glass) S50 (glass) S70 (glass) S85 (glass) 
OPC 344 172 103.0 51 
BFS 0 172 240.0 291 

Water 172 172 171.0 171 
Sand 0/4 654 652 651 650 

Gravel 2/8 241 240 240 239 
Gravel 8/16 339 338 338 337 

Coarse white glass 580 578 577 577 

Different batches concrete were made for each of the concrete types. The 
consistency was measured according to the standard NBN EN 12350-2 (Slump test). 
The mean values of the slump and the corresponding slump classes for each of the 
concrete types are tabulated in Table 2.13.  

Table 2.13: Consistency of the different concrete types – Slump (mm) (mean value 
of different concrete batches) – n: number of concrete batches – Slump class (NBN 
EN 206-1).  

 Slump Slump class 
S0 60 (n = 14) S2 
S15 60 (n = 3) S2 
S30 120 (n = 3) S3 
S50 40 (n = 15) S1 
S70 50 (n = 11) S2 
S85 40 (n = 10) S1 

S0 (glass) 50 (n = 1) S2 
S50 (glass) 50 (n = 1) S2 
S70 (glass) 40 (n = 2) S1 
S85 (glass) 30 (n = 2) S1 
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Chapter 3 

Effect of BFS on the microstructure development of 
concrete: a literature review 

3.1 Introduction  

Blast-furnace slag is a high quality by-product in the manufacture of iron. It consists 
essentially of the same oxides as ordinary Portland cement (OPC) (Neville, 1995). 
However, the proportions are not the same, BFS has a higher content of SiO2, Al2O3 
and MgO and a lower content of CaO (Chen, 2006). After rapid cooling and 
grinding to powder, it has latent hydraulic properties and can be used as a cement 
replacing additive in concrete (Taylor, 1997). When OPC is partially replaced by 
BFS, the reaction of BFS is activated by the release of hydroxyl ions. Although 
NaOH and KOH are the major components in the pore solution after about 1 day of 
hydration, rather than Ca(OH)2 (CH), the presence of solid CH ensures that the 
supply of OH- ions is maintained (Taylor, 1997; Hewlett, 1998). According to some 
researchers (Song et al., 2000; Meinhard and Lackner, 2008) this activation is 
effective when the pH of the aqueous phase is higher than 11.5 due to cement 
hydration or alkali-activation, while others claim a value of 12 (Zhou et al., 2006). 
From then onwards, the reaction of BFS takes place and continues due to the 
progressive release of alkalis by BFS and the formation of CH by OPC (Neville, 
1995). According to Chen (2006), the CH acts not only as an activator, but is also 
consumed during the BFS hydration. Wang et al. (2010) mention that BFS shows 
both cementitious behaviour (latent-hydraulic activity) and pozzolanic 
characteristics (reaction with lime). Escalante-Garcia and Sharp (1998) mention that 
slag does not consume as much CH as pozzolanas: at early ages, slag shows some 
pozzolanic behaviour while at later ages (after 28 days) little or no further 
consumption of CH was noticed.  

3.2 Cement and slag hydration 

The hydration of ordinary Portland cement (OPC) blended with blast-furnace slag 
(BFS) is a complex process since both materials have their own reactions which are 
however influenced by each other. Therefore, it seems meaningful to first describe 
the hydration reactions of the pure individual clinker minerals (C3S (3CaO.SiO2), 
C2S (2CaO.SiO2), C3A (3CaO.Al2O3) and C4AF (4CaO.Al2O3.Fe2O3)) without 
inclusion of minor compounds and solid solutions. Afterwards, the slag hydration 
products and the hydration of cement blended with BFS is considered. 
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3.2.1 Hydration of clinker minerals 

Tricalcium silicate (C3S) is the principal clinker mineral of OPC, which mainly 
controls the setting and hardening of concrete (Hewlett, 1998). The reaction 
products are a (nearly) amorphous calcium silicate hydrate (CSH) and calcium 
hydroxide (CH) (Eq. (3.1)).  

( ) ( )CHn3SHCHnm3SC mn3 −+→−++  (3.1) 

The reaction products formed during dicalcium silicate (C2S) hydration are very 
similar to the ones obtained from C3S hydration (Eq. (3.2)).  

( ) ( )CHn2SHCHnm2SC mn2 −+→−++  (3.2)  

The structure of the CSH phase, produced during OPC hydration is similar to the 
CSH formed during C3S and C2S hydration. Although the C/S molar ratio of CSH 
varies in a wide range (1.2 – 2.3), depending on cement composition, w/c and 
hydration temperature (Hewlett, 1998), values around 1.7 – 1.8 are generally 
accepted to be the probably most correct ones (Taylor, 1997). 

The reaction of  tricalcium aluminate (C3A) with water is very violent. To avoid this 
‘flash set’, gypsum is added to the cement as setting regulator (Neville, 1995). So, 
initially, the C3A reacts with calcium sulphate to form ettringite (Eq. (3.3)). When 
all gypsum is consumed, the conversion reaction of ettringite to 
monosulphoaluminates starts (Eq. (3.4)) (Hewlett, 1998; Chen, 2006; Meinhard and 
Lackner, 2008). 

( ) m3623 HSACH6mHS3CAC →−++  (3.3) 

( ) m432363 HSA3CH323mHSACA2C →−++  (3.4) 

If no calcium sulphate is available, the C3A reacts with water to form C4AHm and 
C2AH8 (Eq. (3.5)). A conversion reaction of these calcium aluminate hydrates to the 
(at ambient temperature) thermodynamically more stable phase C3AH6 occurs later 
(Eq. (3.6)) (Chen, 2006).   

( ) 82m43 AHCAHCHm8A2C +→++  (3.5) 

( )H4mAH2CAHCAHC 6382m4 −+→+  (3.6) 

However, during the hydration of C3S and C2S, CH is liberated. The presence of CH 
influences the hydration reactions of C3A with water, as shown in Eq. (3.7) (Neville, 
1995; Chen, 2006; Meinhard and Lackner, 2008). 

( ) m43 AHCH1mCHAC →−++  (3.7) 
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In comparable conditions, the hydration reactions of tetracalcium aluminate ferrite 
(C4AF) are similar to the ones of C3A (Taylor, 1997). However, in the work of  
Brouwers (2005), it is described that ferrite reacts with C3S and C2S to form 
hydrogarnet in hydrated Portland cement paste (Eq. (3.8) and (3.9)).  

( ) 4CHHAFSCHm4S2CAFC m2634 +→+++   (3.8)   

( ) 2CHHAFSCHm2S2CAFC m2624 +→+++  (3.9) 

Moreover, C4AF reacts with CH, liberated during the OPC hydration, to form 
C3AH6 and C3FH6 (Eq. (3.10)).  

63634 FHCAHCH10CH2AFC +→++  (3.10) 

3.2.2 Hydration of slag 

The main hydration products of BFS are CS(A)H, hydrotalcite (for which the 
formula M5AH13 is used in accordance with (Chen and Brouwers, 2007; Chen and 
Brouwers, 2007) and ettringite )HSA(C 3236 . In addition, iron-containing 
hydrogarnet (C6AFS2H8) and AFm phases, including tetracalcium aluminate hydrate 
(C4AH13) and strätlingite (C2ASH8) are formed in minor amounts (Taylor, 1997; 
Chen and Brouwers, 2007; Chen and Brouwers, 2007; Meinhard and Lackner, 
2008). However, the presence of AFm phases highly depends on the chemical 
composition of the slag and no AFm phases can be found when the Al-content is 
relatively low or the Mg-content is high (Chen and Brouwers, 2007). Moreover, 
strätlingite is not compatible with CH (Chen and Brouwers, 2007), a main hydration 
product of the cement hydration. A general expression of the reactions is given by 
(Eq. (3.11)).  

134823236826135 AHCASHCHSACHAFSCAHMCS(A)H

HF,SM,A,S,C,

+++++

→+
 (3.11) 

Since hydrotalcite, ettringite and hydrogarnet are respectively the only M, S  and F-
containing phases, the amount of each of these reaction products can be calculated 
from the oxide content of M, S  and F in the slag. However, formation of 
hydrotalcite, ettringite and hydrogarnet includes the partial consumption of C and A. 
The remaining part of C is then consumed to produce CSH, whereas A substitutes S 
in this phase. However, according to Chen and Brouwers (2007) the latter reaction is 
limited depending on the S/C ratio in CSH by the relation proposed by Richardson 
(2000). Only when more A is available than required for the previous reactions, 
C4AH13 is also formed.  
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3.2.3 Hydration of OPC blended with BFS 

When OPC is blended with BFS, hydration products from both reactions are formed. 
However, since CH produced during the OPC hydration acts as a reactant for the 
slag hydration, the C/S molar ratio of the CSH is higher than in pure slag hydration 
products. Nevertheless, the C/S ratio of CSH in blended cement pastes remains 
lower than in pure Portland cement pastes (Chen and Brouwers, 2007). Moreover, 
Richardson and Groves (1992) found that the C/S ratio in CSH decreases with 
increasing cement replacement levels, whereas the A/S ratio increases. In 
(Richardson, 2000), it is described that the A/C and S/C ratios of the CSH increase if 
the proportion of slag is increased and that the alumino-silicate chains get on 
average longer in Portland cements blended with slag. Moreover, the linear 
relationship which was found between A/C and S/C (S/C = 0.4277 + 2.366·A/C) 
suggested that there was a structural limitation on the incorporation of Al: Al can 
only substitute for Si at bridging sites in a deierkette chain structure (Richardson and 
Groves, 1993).  

A case study performed by Escalante-Garcia and Sharp (2004) revealed the 
differences between the inner and outer hydration products of OPC pastes and 
blended cement  (40% OPC (HSR), 60% BFS) pastes (w/c = 0.5) cured under water 
at 10°C and 60°C for 1 year. The results of the EDS (energy dispersive 
spectroscopy) analyses are plotted in three ternary diagrams (Ca-Si-Al, Ca-S-(Al + 
Fe) and Ca-Al-Mg) (Figure 3.1).   

Escalante-Garcia (2004) concluded that the inner products of the slag cements have 
a higher content of Al, Si and (Al + Fe), but a lower content of Ca in comparison to 
that of the neat cements. Moreover, they recorded a decrease of the Ca/Si ratio of 
2.13 to 1.76 in the presence of BFS. The composition of the outer products of the 
blended cement was divided into three groups. The first cluster has a composition 
comparable to that of the blended cement inner products, the second one lays on the 
line connecting the composition of CSH with AFm and the third corresponds with a 
hydrotalcite-like phase. However, the composition of the hydrotalcite-like phases 
found in the blended cement has a lower Mg/Al ratio than the ideal formula. 
Hydration products formed within the slag grains after curing at 60°C, as indicated 
by GGBS IP in Figure 3.1, were characterized by a lower Ca/Si ratio and have a 
higher (Al + Fe) and Mg content compared to cement inner products. Within the 
confines of the original slag grains the formation of hydration products containing 
both Al and Mg probably takes place.  
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Figure 3.1: Ternary diagrams for OPC and blended cement pastes (IP = inner 
product; OP = outer product) (Escalante-Garcia and Sharp, 2004). 
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Summarizing, it may be stated that the main hydration products of paste containing 
OPC and BFS are: CS(A)H, CH, AFt, AFm and hydrotalcite. Moreover, trace levels 
of hydrogarnet and other products can also be found (Hewlett, 1998; Chen and 
Brouwers, 2007).  

3.3 Hydration heat 

The hydration of cement minerals is an exothermal chemical process. Based on the 
mineralogical composition, determined by the formula of Bogue (section 2), and the 
total heat production at complete hydration of these minerals (Table 3.1), the total 
theoretical hydration heat of OPC can be determined (Qtot). For cement blended with 
BFS, there are no formulas equivalent to the ones of Bogue, what complicates the 
determination of Qtot (De Schutter, 1999). However, the maximum heat released at 
the end of the reaction can be experimentally determined. Schindler and Folliard 
(2003) mentioned values of 461 J/g and values between 355 and 440 J/g for ground-
granulated blast-furnace slag based on the work of Kishi and Maekawa (1995), 
respectively Bensted (1981). 

Table 3.1: Total heat for complete hydration (J/g) of the different cement minerals. 

mineral 
Hydration heat 
(Taerwe, 1997) 

Hydration heat 
(Meinhard and 
Lackner, 2008) 

Hydration heat 
(Bentz, 1995) 

Hydration heat 
(Taylor, 1997) 

C3S 502 500 517 517 
C2S 260 250 262 262 
C3A 867 1340 1144 1144* / 1672**  

C4AF 419 420 725 418***  
* Reaction with gypsum, producing 124 HSAC  
**  Reaction with gypsum, producing ettringite 
*** Reaction in presence of excess CH to give hydrogarnet 

Most authors as e.g. Taerwe (1997) and Bougara et al. (2010) mention a decrease of 
the cumulative heat with increasing BFS content. Bougara et al. (2010) relate the 
low amount of heat evolved, obtained for pastes with a s/b ratio of 0.5, to the 
reactivity and hydraulic index (C+M+A)/S of the slag. In contrast, Pane and Hansen 
(2005) suggest, based on their test results, that the ultimate heat of hydration is 
higher when the mixes contain BFS. Remark that a higher heat of hydration does not 
necessarily mean a higher degree of hydration. The heat of hydration must be 
normalized by the potential total heat to obtain the hydration degree (see section 
3.4.4). 

With increasing BFS content, it is generally assumed that the rate of heat evolution, 
expressed in W/kg binder decreases (De Schutter, 1999; Bougara et al., 2010) 
(Figure 3.2). Brandštetr (2001) noticed a decreasing temperature rise and a 
decreasing hydration heat for cements containing increasing BFS contents by 
isoperibolic calorimetry.  
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Figure 3.2: Heat production rate in function of time for cement pastes (w/b = 0.4) 
and pastes containing 50% of slag hydrated at 20°C (Bougara et al., 2010) (1W/kg = 
3.6 J/gh). 

Massive concrete structures are often produced with BFS cements in Europe (De 
Schutter, 1999). The risk on early age crack formation in massive concrete structures 
can be investigated by adiabatic and semi-adiabatic calorimetry, since they simulate 
the situation respectively in the massive block and at its periphery (Brandštetr et al., 
2001).  

3.3.1 Isothermal (conduction) calorimetry 

Isothermal (conduction) calorimetry allows continuous measurements of the heat of 
hydration. While at early ages, the heat production rate is high and isothermal 
calorimetry is a good tool for investigation, it is not after a few days when the rate of 
heat liberation becomes too low (Taylor, 1997).  

During the hydration of OPC, five stages can be distinguished, as mentioned by 
several researchers  (Taylor, 1997; Shi and Dau, 1999; Mostafa and Brown, 2005): 
(1) the initial period; (2) the induction period; (3) the acceleration period; (4) the 
deceleration period and (5) the period of slow continued reaction (Figure 3.3).  

 

 

Figure 3.3: Rate of heat evolution in function of time - Result of an isothermal 
hydration test (graph derived from (Mostafa and Brown, 2005)). 

The possibility to detect the first hydration peak, associated with the wetting of 
cement and the hydration of free lime, C3A and hemi-hydrate (CaSO4·0.5H2O), 
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depends on the calorimeter design (Mostafa and Brown, 2005; Zhou et al., 2006). 
Different methods which allow mixing inside the calorimeter and consequently 
favour the detection of the first hydration peak, can be found in literature (Evju, 
2003; Wadsö, 2007). Contrarily, the second peak, due to the hydration of C3S can 
always be registered completely. Additionally, a third and even a fourth peak 
sometimes appears (Figure 3.4). In a lot of publications, the third peak is attributed 
to the conversion reaction of ettringite to monosulphate (De Schutter, 1996; Baert, 
2009). Contrarily, in Taylor (1997), the peak which occurs after around 16 hours 
hydration at 20°C is attributed to the renewed formation of ettringite. In (Bullard et 
al., 2010), it is mentioned that this shoulder corresponds to the point of exhaustion 
of solid gypsum. Since ettringite is still the main aluminate hydration product, a 
reaction with sulphate, previously absorbed in the CSH phases, possibly occurred. A 
further, less distinct shoulder, which can sometimes be observed, is then associated 
with the hydration of the ferrite phases (Taylor, 1997) or conversion of AFt to AFm 
phases (Taylor, 1997; Bullard et al., 2010).  

 

Figure 3.4: Heat production rate in function of time for a Portland cement hydrated 
at 20°C (Taylor, 1997). 

In (Bullard et al., 2010), the most likely reaction mechanism of C3A in the presence 
of calcium sulphate is described as follows: 

- formation of (mainly) ettringite during the initial and rapid reaction, 
- deceleration of C3A reaction due to the adsorption of sulphate ions on the 

surface of C3A, which leads to a reduction of the dissolution rate,  
- a rapid increase in the dissolution rate when the calcium sulphate in the 

solution is consumed and sulphate ions desorbs from the C3A surface, 
- conversion of ettringite to the more stable monosulphate phase. 

D’Aloia and Chanvillard (2002) investigated the influence of the sulphate content on 
heat rate and the coupling degree of the two reactions (ettringite formation and 
conversion of ettringite monosulphoaluminate) involved in the C3A hydration 
(Figure 3.5) under adiabatic conditions by numerical simulations. They found that 
the extra hydration peak, associated with the conversion of ettringite to 
monosulphoaluminate diminishes with increasing molar ratios of SO3/C3A and 
disappears when this value amounts to 3. Moreover, when the second reaction of the 
C3A hydration starts at low depletion degrees (α0) of the sulphate source (because 
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sulphate can be locally exhausted at an earlier stage), the two reactions tend to 
become synchronised. According to Bensted (1987), only a C3A amount of more 
than 12% results in a visible peak at 20°C due to the conversion of ettringite to 
monosulphate. However, in another research (De Schutter and Taerwe, 1995; De 
Schutter, 1996), the peak corresponding to the transformation of ettringite into 
monosulphate was observed for Portland cement with a lower C3A content (e.g. 
7.5%) when tested at temperatures of 40°C to 50°C. In presence of fly ash, Baert 
(2009) also recorded this peak for cement containing merely 7.5% C3A.  

 

Figure 3.5: Influence of the α0 (left) and the molar ratio of SO3/C3A (right) on the 
heat evolution (D'Aloia and Chanvillard, 2002). 

When ordinary Portland cement is partially replaced by blast-furnace slag the curves 
of the heat production rate in function of time show an extra peak caused by the 
hydration of BFS, as generally accepted by e.g. De Schutter and Taerwe (1995), 
Bougara et al. (2010), Escalante-Garcia and Sharp (2004). Depending on the slag 
characteristics and the hydration temperature, this additional peak is completely 
separated from the OPC hydration peaks or appears as a ‘shoulder’ (Escalante-
Garcia and Sharp, 2004; Bougara et al., 2010). Concerning the influence of BFS on 
the OPC hydration, different research results disagree. According to Bougara et al. 
(2010), the OPC hydration peak appears at the same moment independent from the 
presence of slag. On the other hand, the research performed by Singh et al. (1995) 
on Portland cement blended with bag house dust and granulated BFS indicates that 
BFS retards the hydration of the silicate phase and delays the conversion of ettringite 
to monosulphate. Conversely, Zhou et al. (2006) and Escalante-Garcia and Sharp 
(1998) demonstrated that BFS accelerates the OPC hydration. Different mechanisms 
to explain the effect of BFS on the OPC hydration, which can be found in literature, 
are summarized below: 

- Escalante-Garcia and Sharp (1998) attribute the enhanced hydration of the 
four anhydrous phases to the dilution effect, favouring the dissolution of 
cement grains and consequently enhancing the hydration of the interstitial 
phases. However, isothermal calorimetric tests performed by Baert (2009) 
on cement pastes show no acceleration of the second hydration peak with 
increasing water-to-cement ratios (0.3 � 0.4 � 0.5), although the second 
peak broadens and the hydration degree at 7 days increases. Parrot and 
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Killoh (1984) (cited by (Baert, 2009)) suggest that the rate of hydration is 
reduced with decreasing w/c ratio at later ages, when the hydration degree 
exceeds the critical hydration degree, which depends on the w/c factor (αcrit 
= H×w/c with H = 1.333 in (Parrot and Killoh, 1984)).  

- Since CH, liberated during the alite hydration, is believed to be consumed 
during the BFS reaction, the equilibrium is shifted towards a more 
advanced OPC hydration (Escalante-Garcia and Sharp, 1998). 

- Uchikawa (cited by Escalante-Garcia and Sharp (1998)) claims that the 
hydration of interstitial phases is accelerated due to the fixation of Ca2+ and 
SO4

2- by the slag. 
- According to Stark et al. (2007), the reaction of the alite/clinker with water 

can be accelerated by adding mineral admixtures with a high specific 
surface area and a high chemical affinity towards calcium silicate hydrate 
(C-S-H) phases. Since C-S-H is first formed on the fine materials, no layer 
is formed covering the C3S surface. In this way, dissolution of alite can 
proceed unrestrictedly, leading to a higher degree of hydration of this 
clinker mineral. For BFS, which possesses a low chemical affinity, this 
accelerating effect can only be attained when the specific surface area is 
very high. 

- As already mentioned above, D’Aloia and Chanvillard (2002) also found 
that the molar ratio SO3/C3A determines the importance of the conversion 
reaction of ettringite to monosulphate. When this ratio increases, the 
conversion becomes less pronounced and does not occur anymore at a 
value of 3. In this case, only ettringite remains and the main hydration peak 
is higher and less broad. Since the replacement of cement by BFS changes 
the molar ratio of SO3 to C3A, the above-mentioned reaction mechanisms 
and consequently the evolution of the heat production rate in function of 
time can change. 

3.3.2 Adiabatic calorimetry 

Under adiabatic conditions, the heat exchange is completely avoided by keeping the 
environment at the same temperature as the hydrating concrete sample. This 
implicates that the temperature, reached in the sample, can rise highly and that the 
hydration process under adiabatic conditions differs from this under isothermal 
conditions at lower temperatures (De Schutter, 1999). However, while conduction 
calorimetry is found more suitable to determine the hydration heat of cement, 
adiabatic calorimetry can better be used to measure the temperature rise in the mass 
of a hardening concrete sample (De Schutter, 1996) as the heat of hydration of 
cement under these circumstances depends on the specific heat capacity of the 
concrete, the concrete composition, additives, etc. (Killoh, 1988). 

From the measured temperature rise (T(t)-T(0)) of the hydrating concrete sample, 
the cumulative heat production (in J/kg binder) can be calculated, taking into 
account the specific heat capacity C (in J/(kg·K)), the density of concrete ρ (in 
kg/m³) and the amount of binder (b) in the mix (in kg binder/m³concrete) (Eq. (3.12)).  
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( ) ( )( )T(0)tT
b

ρC
tQ −⋅⋅=  (3.12) 

A value of 1000 J/(kg·K) is often used for the global specific heat capacity of 
concrete (Taerwe, 1997). However, the value depends on the individual heat 
capacities of the constituents and the concrete composition. In Eq. (3.13), c, s, a and 
w respectively symbolize the amount of cement, slag, aggregate and water per m³ 
concrete (in kg/m³concrete) and Cc, Cs, Ca and Cw are the specific heat capacities of 
cement, slag, aggregate and water. Values for Cc, Cs, Ca and Cw (in J/(kg·K)) are 
summarized in Table 3.2. 

( )wCaCsCcC
ρ
1

C wasc ⋅+⋅+⋅+⋅=  (3.13) 

Table 3.2: Specific heat capacity (J/(kg·K)) of cement, slag, aggregate and water. 

  (Van Breugel, 
1991) 

(Harbour and 
Williams, 2008) 

 EN 196-9 (2003) 

Cement Cc 837 730 800 
Blast-furnace slag Cs - 780 -  

Aggregate Ca 840 - 800 
Water a Cw 4187 4110 b 3800 c 

a standard value: 4184 J/(kg·K) (Mortimer, 1986) 
b experimental value  
c average of bound and unbound: Bound water has a thermal capacity per unit of mass lower 
than 4.18 J/(g·K) (EN 196-9) 

Furthermore, De Schutter (1996) gives a literature review concerning the time- and 
temperature-dependency of the specific heat capacity. In general, the thermal 
capacity decreases during hardening. According to De Schutter (1996), neglecting 
this evolution involves only a small error, while the calculations are simplified. 
Moreover, the density of the concrete changes with concrete hardening (Baert, 
2009).  

3.3.3 Semi-adiabatic (Langavent) calorimetry 

In contrast to the adiabatic calorimetric measurements, a limited heat exchange is 
allowed under semi-adiabatic calorimetric measurements. The advantage of the last-
mentioned calorimeter, is the simplicity of the test setup (Brandštetr et al., 2001). 
Different constructions can be found in literature (Brandštetr et al., 2001; Robeyst, 
2009). 

According to EN 196-9 (2010), the cumulative heat production at time t can be 
calculated according to formula (3.14). In comparison to formula (3.12), an extra 
term is added to take into account the heat losses, which are determined by 
calibration of the setup. In Eq. (3.14) TC is the thermal capacity (in J/K), mb the 
mass of binder in the can (in kg), T(t) the temperature rise at time t relative to the 
temperature in a reference sample (in K) and αΤi the mean coefficient of the heat 
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losses (in J/(K·h)) during time step ∆ti (in h), which is a linear function of the mean 
temperature Ti (in K) during time step ∆ti .  

( ) ( ) i

t

1ibb
∆t

m

1
t

m

TC
tQ ⋅⋅⋅+⋅= ∑

=
iTi TT α  (3.14) 

αΤi = a + b·Ti (3.15) 

While under adiabatic conditions, the container and empty calorimeter are put on the 
same temperature as the hydrating sample (De Schutter, 1996), under semi-adiabatic 
conditions the heat of hydration is taken from the hardening sample to warm up the 
can and semi-adiabatic calorimeter. In Eq. (3.16), Cca and mca respectively are the 
specific heat capacity (in J/(kg·K)) and mass (in kg) of the can, µ is the thermal 
capacity of the empty calorimeter (in J/K), determined by calibration. mc, ms, ma and 
mw are respectively the mass of cement, slag, aggregates and water of the mix in the 
can. 

( ) µmCmCmCmCmCTC cacawwaasscc +⋅+⋅+⋅+⋅+⋅=  (3.16)  

3.3.4 Solution calorimetry 

Nowadays, the heat of solution method (EN 196-8 (2010)) is largely replaced by 
isothermal conduction calorimetry and studies have shown the good agreement 
between both methods (Hewlett, 1998). However, as mentioned in section 3.3.1, 
isothermal conduction calorimetry – but also (semi)-adiabatic calorimetry – is not a 
practicable means of investigation when the rate of liberated heat becomes too small 
(Taylor, 1997). In this case, the total hydration heat evolved at time t, can be 
calculated from the difference in heat of solution in a mixture of nitric and 
hydrofluoric acid between the partly hydrated (at time t) and unhydrated cement 
(Hewlett, 1998). According to Brandštetr et al. (2001), the difference between the 
two obtained test results is very small in comparison to the values itself, leading to a 
low accuracy of this test method. However, the main advantage is that heat of 
hydration can be determined for samples which are even several years old (Siler et 
al., under review). Siler et al. (under review) monitored the heat release of pastes in 
which 50% of the cement was replaced by slag (w/b = 0.33 and addition of a 
polycarboxylate type superplasticizer) by means of isothermal calorimetry during 
the first 7 days and by solution calorimetry for up to 120 days. They found that BFS 
leads to a decrease of the released heat (in J/gbinder) during the first days, while after 
120 days the cumulative heat production of this paste (498 J/gbinder) was higher than 
that of the reference paste containing only OPC as binder (w/c = 0.33 and addition 
of superplasticizer) (453 J/gbinder). The difference was attributed to the slag reaction.  
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3.3.5 Modelling 

3.3.5.1 General hydration model for Portland cement and blast-furnace 
slag cement (De Schutter and Taerwe, 1995) 

Portland cement: It was found by De Schutter (1996) that standardized hydration 
curves of Portland cement, presenting q/qmax in function of the reaction degree, r (-) 
(see section 3.4.4), are temperature-independent and could be described by Eq. 
(3.17). For the tested Portland cement CEM I 52.5 (CaO = 63.75%, SiO2 = 19.92%, 
Al 2O3 = 5.02%, Fe2O3 = 3.39%, MgO = 0.96%, Blaine fineness = 505 m²/kg, w/c of 
the paste = 0.5), values of 0.667, 3.0 and 2.5968 respectively for the constants a, b 
and c were found in his research. 

( )[ ] ( )rbexpπrsinc
q

q a

max

⋅−⋅⋅⋅=  (3.17)  

To simulate the experimental hydration curves, the effect of the temperature has also 
to be taken into account. The Arrhenius function was chosen as temperature function 
and the formula is given by Eq. (3.18). θ represents the temperature (in °C), R the 
universal gas constant (0.00831 kJ/(mol·K)) and E the activation energy (in kJ/mol). 
For Portland cement, a value of E of 33.5 kJ/mol is mentioned.  
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The general hydration model of Portland cement is then obtained by combining 
formulae (3.17) and (3.18) to formula (3.19). 
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To compare the simulation model with the test results, an initial reaction degree of 
0.0001 is taken by De Schutter (1996) to properly simulate the induction period and 
to make sure that the reaction starts. 

Blast-furnace slag cement: While standardized hydration curves of OPC are 
temperature independent, this is not the case for BFS slag cements. This is due to the 
fact that the reaction of BFS cements consists of two reactions, the OPC hydration 
and the BFS hydration, which have different activation energies. By separating both 
reactions, as shown in Figure 3.6, standardized hydration curves (Figure 3.6) for the 
cement and slag reaction can be obtained and described by Eq. (3.20) and (3.21). As 
follows from Figure 3.6, the slag reaction does not start until a certain reaction 
degree of the OPC reaction (rP,B) has been reached. According to De Schutter 
(1995), this parameter is temperature-dependent and a linear relationship between 
rP,B and θ was proposed. Again an initial value of 0.0001 instead of 0 has to be taken 
for rS and rP, when using in a numerical simulation procedure.  
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Figure 3.6: Separation of the OPC (P) and BFS (S) reactions (left) and standardized 
curves for the P- (middle) and S- (right) reactions (De Schutter and Taerwe, 1995). 
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All parameters containing the subscript P, refer to the Portland cement reaction, 
while S refers to the slag reaction. The separation of both reactions, as presented 
here, implicates that the slag reaction ends rapidly. To support this, De Schutter 
(1996) cites Roy and Idorn (1982) who observed after a certain hardening time an 
almost standstill of transport of water through a BFS cement mortar. Moreover, the 
released alkalis and lime by OPC are retained in the hydration products of the slag, 
and do not seem to contribute to the hydration of slag. However, contrary findings 
can be read in literature, since other authors mention a continuing BFS reaction over 
a long period (Neville, 1995; Taylor et al., 2010).  

3.3.5.2 Multi-phase hydration models 

For Portland cement, the application of a multi-phase hydration model is well 
known (Taylor, 1997; Meinhard and Lackner, 2008; Baert, 2009). In this model, 
different hydration kinetics are assumed for each clinker phase, while the three basic 
processes are the same: dissolution/nucleation and growth, phase-boundary 
processes and diffusion. The processes can take place simultaneously, however, the 
slowest of the three is the rate-controlling process at a given time. Whilst the particle 
size distribution does not play an important role in the first process, the second and 
third process are described by particle kinetics (Taylor, 1997). Based on isothermal 
calorimetric measurements, Baert (2009) developed a new hydration model for OPC 
pastes and simulated the fly-ash-cement interaction. Meinhard and Lackner (2008) 
extended the multi-phase hydration model for the prediction of hydration-heat 
release of Bernard et al. (2003) towards blended cements with BFS. The heat release 
associated with the slag hydration was there defined as the difference between the 
heat release of the blended cement and the heat release of pure cement, multiplied by 
the cement content in the blend. A description of the OPC and BFS models is 
summarized below. 
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Ordinary Portland cement: The 4 main clinker minerals (C3S, C2S, C3A and C4AF) 
were considered separately and the hydration process was divided in 3 stages: 

- The induction period, lasting a time tx,0, is characterised by a constant rate 
of dissolution of the different phases until αx (hydration degree (see 3.4) of 
an individual phase, x) = αx,0.  

- For αx,0 < αx < αx,* or tx,0 < t < tx,*, the nucleation- and growth-controlled 
process can be described by the Avrami model (Eqs. (3.22), (3.23) and 
(3.24)), with Ex the activation energy of phase x, R the universal gas 
constant, κ the Avrami parameter, τ0 (Eq. (3.25) with A the chemical 
affinity) the characteristic time of the nucleation- and growth-controlled 
process at the reference temperature T0 (in K) (T0 = 293 K).  
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- For αx > αx,*, the diffusion of dissolved ions through the hydration products 
is the restrictive factor for the kinetics. The hydration degree of the 
different phases in function of time and the derivative are described by 
formulae (3.26) and (3.27) with D the diffusion coefficient (values given in 
(Bernard et al., 2003) for the four minerals (in cm²/h), depending on the w/c 
ratio), r the average particle size (in cm), φ0 and φ respectively the specific 
surface area (in cm²/g) of the reference (cement used for determination of 
the parameters of the kinetic model of the four clinker phases (Bernard et 
al., 2003)) and investigated cement.  
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Cements blended with blast-furnace slag: Meinhard and Lackner (2008) developed a 
multi-phase hydration model for cement blended with BFS based on calorimetric 
measurements. They concluded that the hydration of BFS can be split in three 
stages:  

- Dissolution of the slag glass during the induction period. 

- The aluminium reaction which is nucleation- and growth-controlled and 
which can be described by the Avrami model. 

- The CSAH-formation, which is nucleation- and growth-controlled (Avrami 
model) followed by an exponential decay (for αCSAH ≥ 0.4), due to the 
exponential decay of the concentration of slag glass with time. Formula 
(3.28) gives the expression for the exponential decay of the CSAH-
formation, with t0.4 the time to reach a hydration degree αCSAH = 0.4 and 
τCSAH the characteristic time of the exponential decay. 
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More details about this model and values of constants can be found in (Meinhard 
and Lackner, 2008). 
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3.4 Hydration degree 

3.4.1 Hydration degree of OPC 

The degree of hydration is defined as the amount of cement which has reacted at 
time t, relative to the original amount of cement (Ye, 2003). Since hydration 
reactions are continuing reactions over a long period, the degree of hydration 
increases with time. However, the ultimate hydration degree, beyond which no 
further hydration products are formed, depends mainly on the w/c factor. Since one 
gram of cement binds about 0.23 g water and physically absorbs 0.19 g water, a w/c 
ratio of 0.42 is at least required to obtain complete hydration in a sealed environment 
((Powers, 1946) cited by (Baert, 2009)). However, when the water is not uniformly 
distributed, not all cement particles can fully hydrate. Hydration can be impeded 
because of limitation of available space for the growth of hydration products 
((Powers, 1946) cited by (Baert, 2009)). These basic principles underlie the formula 
proposed by Mills (1966) to determine the ultimate hydration degree αu of OPC. 

c
w

0.194

c

w
1.031

αu

+

⋅
=  (3.29) 

3.4.2 Hydration degree of BFS 

The hydration degree of slag in paste is difficult to predict and depends on the curing 
conditions, test ages, w/b ratio, c/s ratio and the slag reactivity.  

curing conditions: The hydration reactions of BFS are, more than OPC, accelerated 
with increasing temperatures (Battagin, 1992; Taylor, 1997). However, many studies 
have shown that degree of hydration initially develops faster but the ultimate values 
are lower at higher temperatures (Pane and Hansen, 2005). According to Escalante-
Garcia and Sharp (2004), the rate of consumption of BFS, but also the reaction 
mechanism is strongly dependent on the temperature. On the one hand, they 
observed that slag grains in pastes with a s/b ratio of 0.6 and w/b of 0.5 cured at 
60°C seem to be consumed from the surface of the grain inwards and some slag 
grains are completely hydrated after 1 year. On the other hand, when cured at 10°C, 
the reaction mechanism seems to be a dissolution-precipitation mechanism and after 
1 year, the slag grains are only slightly hydrated. Moreover, the rate of reaction 
increases by curing under water instead of in air (Hinrichs and Odler, 1989).  

w/b ratio: Higher w/b ratios favour the hydration reaction, resulting in higher slag 
hydration degrees (Lumley et al., 1996; Chen, 2006). However, for large w/c ratios, 
the hydration degree of slag does not increase anymore (Chen, 2006). The hydration 
of slag becomes diffusion-controlled, and depends on the reactivity of the slag, 
chemical composition of the pore solution and the chances of being ‘attacked’. The 
slag hydration degree is not longer determined by the limitation of space (Chen, 
2006).  
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s/c ratio and slag reactivity: Hinrichs and Odler (1989) and Battagin (1992) (cited by 
(Lumley et al., 1996)) reported that the slag hydration degree was unaffected by the 
slag content in the blend over the range of 35 – 70%. Based on these findings, Chen 
(2006) mentioned that the effect of s/c on the slag reactivity and hydration degree is 
limited for low slag proportions, while the slag reactivity decreases significantly for 
s/b > 0.80. However, the results of Lumley et al. (1996) showed a decrease in 
reactivity with increased (30 % till 60%) content of slag. Furthermore, Lumley et al. 
(1996) found that the main influencing factors on reactivity were the hydraulic 
modulus, defined as (C+A+M)/S and the fineness. 

In literature, different hydration degrees of slag can be found: 

- Hinrichs and Odler (1989) found for paste with a w/b ratio of 0.5, hydrated 
at 20°C, slag hydration degrees of 40 – 60% at 28 days and 50 – 70% at 1 
year. 

- Chen (2006) proposed a tentative hydration degree of 70% for slag in 
blended cement paste, to use as input parameter for the modelling process. 

- Lumley et al. (1996) recorded hydration degrees of 30 – 55% at 28 days 
and 45 – 75% at 1 – 2 years for pastes with a w/b ratio ranging from 0.4 to 
0.6, hydrated at 20°C. 

- Roy (1987), cited by Neville (1995) quoted a slag hydration degree at 28 
days of 30 – 37%. 

- Ye et al. (2006) reported that at 7 days, less than 30% of the slag was 
converted into CSH for pastes with s/b ratios of 0.5 and 0.7. 

3.4.3 Measuring techniques 

BSE-image analysis: Hydration reactions can be visualized by backscattered 
electron (BSE) images. To segment the different phases (pores, CSH, CH and 
unhydrated products) on a grey level BSE image, threshold values can be 
determined based on the corresponding grey level diagram. In addition, the image 
analysis technique can be improved by applying a 7×7 filter operation, which 
removes isolated pixels produced by noise (Ye, 2003). However, to obtain reliable 
results, an adequate number of images has to be analysed (n > 10) (Ye, 2003). In this 
case, area fractions can be equated with volume fractions. For pastes containing 
cement and slag, the hydration degrees, α(t), can then be calculated according to 
formulae (3.30) (Ye et al., 2006).  

 

( ) ( ) ( )
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 tat timecement   volumeanhydrous - cement of  volumeinitial
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( ) ( ) ( )
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 tat time slag  volumeanhydrous - slag of  volumeinitial
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(3.30) 
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( ) ( ) ( )
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tαbinder =  

The initial volume of cement, slag and binder in the paste can be determined 
according to formulae (3.31), based on the mass of cement (mc), slag (ms) and water 
(mw) in the mix and their densities (ρ). 
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(3.31) 

Optical microscopy: As described by St John et al. (1998), polished samples of the 
concrete matrix can be examined by optical microscopy under reflected light to 
determine the contents of hydrated and unhydrated material. However, since 
hydration is accompanied by volume changes, the determination of the hydration 
degree is not accurate. Therefore, Ravenscroft (1982) as cited by St John et al. 
(1998), described a method to determine the degree of hydration for OPC concrete 
with known composition. When data concerning the original cement-to-sand ratio by 
mass in the mix is available, and the unhydrated cement-to-sand ratio by mass in the 
sample is determined, the hydration degree can be calculated following equation 
(3.32). 
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EDTA extraction method: A reagent based on EDTA (ethylene diamine tetraacetic 
acid) allows to extract all constituents of (blended) cements and pastes, with the 
exception of unreacted slag. However, corrections have to be made since the dried 
residue can also contain residues from the Portland cement component and 
hydrotalcite released from the slag. Moreover, small proportions of unreacted slag 
can be dissolved in the solution. A description of the complete extraction procedure, 
the subsequent calculation of the degree of hydration of the slag and a discussion 
concerning errors, assumptions and corrections can be found in Lumley et al. (1996).  

DTA: Crystallization corresponds with an exothermic peak in a DSC (differential 
scanning calorimetry) curve (Fredericci et al., 2000). Based on the intensity of the 
exothermic peak at 880 – 950°C, recorded with DTA (differential thermal analysis), 
the amount of remaining slag in a blend can be determined ((Hinrichs and Odler, 
1989) cited by (Lumley et al., 1996)). In combination with tests on unreacted slag 
cements, the hydration degree can be calculated. However, this method determines 
no unreacted crystalline constituents of the slag, but is acceptable to slag in which no 
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such phases can be found by XRD. This measuring technique was applied by 
Hinrichs and Odler (1989) as cited by Lumley et al. (1996).  

3.4.4 Hydration degree versus reaction degree 

Since the measuring techniques to determine the hydration degree of cement and 
slag are rather complicated, the hydration degree is sometimes approximated by the 
reaction degree r.  

Hydration heat: According to De Schutter (1999), the hydration degree can be 
calculated as the cumulative heat released after time t (Q(t)) relative to the 
cumulated heat at complete hydration (Qtot) (Eq. (3.33)). 

( ) ( )
totQ

tQ
tα =  (3.33)   

As mentioned in section 3.3, Qtot can be easily calculated for OPC but not for 
cement blended with BFS. Nevertheless, Qmax, representing the total hydration heat 
liberated at the end of the reaction, can be experimentally determined. Therefore, the 
hydration degree was replaced by the reaction degree r (t) (Eq. (3.34)). Considering 
the ultimate hydration degree of pastes, both parameters can be compared (Eq. 
(3.35)). 
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Moreover, De Schutter and Taerwe (1995) proposed a new general hydration model, 
based on the two-fold character of the hydration of slag cement. Separation of both 
reactions allows to determine the total heat released at the end of the OPC (QOPC,max) 
and BFS (QBFS,max) reactions and allows to define distinct reaction degrees for 
cement and slag hydration (Eq. (3.36)). 
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Chemically bound water content: Thermogravimetric (TG) analysis allows to 
determine the bound water content. The ratio of the bound water content at a certain 
time t (wb (t)), to the ultimate bound water content wb (∞) can represent the overall 
reaction degree, also for blended systems (Pane and Hansen, 2005). Experimental 
data of wb in function of time can be fit by a three parameter equation (3.37) 
proposed by Pane and Hansen (2005) to determine the value at infinity. The 
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parameters τ and a respectively control the intercept and curvature of the plot in the 
logarithmic scale.  
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Moreover, Pane and Hansen (2005) developed a method to quantify the reaction of 
BFS. Since BFS consumes CH during its hydration, the plot of the CH-content (per 
g OPC) in function of wb (per g OPC) differs for OPC paste and pastes containing 
BFS. For OPC paste, the CH-content (CHOPC) increases almost linearly with wb, 
while for pastes containing BFS, the amount of CH (CHblend) is less. The degree of 
BFS reaction is then calculated following Eq. (3.38). Taking into account formula 
(3.37), r can be determined in function of t.  
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Contrarily, Hewlett (1998) claims that the non-evaporable water content is only an 
‘indicator’ of the progress of the OPC hydration and is not useful in determining the 
hydration degree of cements blended with pozzolanic materials because of the 
change in amount and chemical composition of the hydrates. Nonetheless, results of 
OPC and blended cements can be compared to detect the differences in hydration 
process between both.  

3.5 Porosity and transport properties 

When OPC, BFS and water are mixed together, a continuous network of pores 
exists. With ongoing hydration, reaction products are formed and the pores are 
partially filled. However, since the hydration of OPC and BFS is a continuing 
reaction over a long period, the pore structure changes continuously. Moreover, the 
pore structure can be characterised by different parameters as e.g. the volume of 
pores, the pore size distribution, the internal pore surface, the tortuosity and the 
connection between the pores. In the next sections, different classification systems 
and measuring techniques are discussed. Furthermore, a literature review concerning 
the relation between porosity and penetrability for BFS concrete will be given. 

3.5.1 Types of pores 

Despite the fact that the pore system has a continuous pore size distribution, 
different classification systems for pores can be found in literature, depending on the 
field of application.  

- Open/closed porosity: While the ‘open porosity’ comprises pores which are 
connected with each other and the surface, the ‘closed porosity’ consists of 
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isolated pores. For transport properties, only the first-mentioned porosity 
plays a role (Audenaert, 2006).  

- Capillary/gel porosity/air voids: On the one hand, during hydration, 
capillary pores are created as hydration products take less space than the 
original components. The total capillary porosity consists then of the 
remaining capillary water and the created capillary pores. On the other 
hand, gel pores are a part of the CSH structure. Consequently, as hydration 
proceeds, the volume and connectivity of capillary pores decreases, while 
the volume of gel pores increases (Boel, 2006). In contrast to pores, air 
voids are roughly spherical and are formed by entrapment of air during 
mixing or entrainment of air by using admixtures having a foaming or air 
entraining action (St John et al., 1998).  
Although the above-mentioned classification is generally accepted, the pore 
size corresponding with each pore type slightly differs according to 
consulted reference. In Table 3.3, Table 3.4 and Table 3.5 classifications of 
the pores based on the pore size are given. 
Table 3.3: Classification of pores according to St John (1998) (adapted 
from Mindess and Young (1981)). 

Type of pore  Diameter 
Gel pores Micropores ‘interlayer’ d < 0.5 nm 
 Micropores 0.5 nm < d < 2.5 nm 
 Small (gel) capillaries 2.5 nm < d < 10 nm 
Capillary pores Medium capillaries 10 nm < d < 50 nm       
 Large capillaries 50 nm < d < 10000 nm (10 µm) 
Voids Entrained air voids 5 µm < d < 1000 µm (1 mm) 
 Entrapped air voids 10 µm < d 
 Foamed systems 250 µm < d < 2000 µm (2 mm) 

Table 3.4: Classification of pores as mentioned by Brandt (2009). 
Type of pore  Diameter 

Gel pores  0.5 nm < d < 10 nm  
Capillary pores  10 nm < d < 10000 nm (10 µm)  
  Mostly 20 – 30 nm 
Air Voids Entrapped air voids 10 µm < d  
 Entrained air voids 50 µm < d < 1.25 mm 

Table 3.5: Classification of pores according to Espinosa and Franke 
(2006). 

Type of pore  Hydraulic radius 
Gel pores Micro gel pores R < 1 nm  
 Meso gel pores 1 nm < R < 25 nm 
Capillary pores Micro and meso 

capillary pores 
25 nm < R < 50 nm 

 Macro capillary pores 50 nm < R < 1000 nm (1 µm) 



 

Literature review: microstructure development 63 

 

Since virtually no connection of air voids with other voids and pores can be 
detected (Audenaert, 2006), and gel pores are too small to influence the 
permeability of concrete (Boel, 2006), capillary porosity is of main 
importance concerning transport of fluids and gasses through concrete 
(Neville, 1995). According to Ye (2003), small capillaries are very 
important because of the ‘throat effect’.  

- Macro/meso/micro porosity: Taylor (1997) mentions that the international 
Union of Pure and Applied Chemistry (IUPAC) classified pores by width 
(d) as follows: micropores: < 2 nm; mesopores: 2 - 50 nm; macropores: > 
50 nm. 

3.5.2 Influence of the test method 

As mentioned in section 3.5.1, the pore structure of paste/mortar/concrete has a 
continuous pore size distribution with diameters from less than 0.5 nm to more than 
a few millimetres. However, most of the applied measuring techniques, which can 
be found in literature, only allow to detect pores within a certain pore size range. 
Moreover, each test method has its own advantages, drawbacks and fields of 
application. A summary is given below. 

3.5.2.1 Indirect methods 

Vacuum absorption test: The vacuum saturation technique to determine the 
permeable porosity is easy to perform and widely known, although in literature the 
methods (e.g. NBN B05-201, 1976; NBN B 05-202, 1976; ASTM C 1202-05; SN 
505 262/1, 2003; RILEM, 1980; AFPC-AFREM, 1998; Kearsley and Wainwright, 
2001; Safiuddin and Hearn, 2005; Audenaert, 2006; Cnudde et al., 2009, …) slightly 
differ from each other, concerning drying temperature, applied vacuum and duration. 
Drying temperatures ranging from 50°C to 105°C are mentioned. However, drying 
at 105°C is sometimes a matter of discussion as it can cause microstructural damage 
in concrete (Safiuddin and Hearn, 2005) as e.g. microcracking (Safiuddin and Hearn, 
2005), pore collapse and a modification of the stoichiometry and density of CSH 
(Thomas et al., 1999; Jennings, 2000). According to Safiuddin and Hearn (2005) 
these adverse effects can be limited by lowering the drying temperature (50°C or in 
dessicator in air) and by performing the vacuum saturation test before drying. 
According to Audenaert (2006) and Lothenbach et al. (2007), drying at different 
temperatures allows to distinguish capillary and gel porosity. Audenaert (2006) dried 
concrete specimens at 40°C and 40% RH for 14 days to obtain an indication of the 
capillary porosity. However, adjustments had to be made for the drying period 
(underestimation of the capillary porosity because not all capillary water is removed 
after 14 days) and the concurrent evaporation of gel water (overestimation of the 
capillary porosity). The open porosity obtained after drying at 105°C was associated 
with the total (capillary and gel) porosity. According to Lothenbach (2007), the 
drying temperatures to determine the capillary and total porosity are respectively 
50°C and 110°C. However, a lot of researchers raise objections against this 
subdivision technique. Moreover, Cnudde et al. (2009) cite Meyer et al. (1994), who 
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mention that water under vacuum can penetrate into pores with a diameter larger 
than 100 nm. Also Boel (2006) mentions, based on the work of Aligizaki (2006) that 
vacuum saturation techniques give information about the larger capillaries and air 
voids.  

Permeability test: Permeability tests measure the flow of fluids or gases under a 
pressure gradient. According to Neville (1995), the pores relevant to permeability 
are those with a diameter higher than 120 nm, whereas Audenaert (2006) mentions 
diameters > 50 nm (capillary pores). Discontinuous pores, pores containing adsorbed 
water and those with a narrow entrance do not contribute to the permeability of 
concrete (Neville, 1995).  

Since permeability tests are not standardized, it is difficult to compare coefficients of 
permeability coming from different research projects (Neville, 1995). In the PhD 
thesis of Audenaert (2006), an overview of existing measuring procedures is given. 
They differ qua applied pressure, fluid, regime (non steady-state/steady state flow), 
condition (in situ/laboratory), dimensions of the test specimen, preparation, test 
duration, field of application (paste/mortar/concrete), … .  

For steady-state water permeability tests, Darcy’s law can be applied to calculate the 
coefficient of permeability on condition that the flow is laminar (pressure limited).  
A disadvantage of this method is the test duration as the porosity and consequently 
the coefficient of permeability decreases during the measuring period because of 
continued hydration (Ludirdja et al., 1989; Audenaert, 2006). Therefore, Ludirdja et 
al. (1989) proposed to calculate the coefficient of permeability over a fixed period of 
time after the steady-state regime has been established. Moreover, to preclude 
capillary effects, Ludirdja et al. (1989) also advised to keep the specimen saturated. 

In theory, the intrinsic permeability coefficient of concrete for gases and liquids has 
to be the same. However, in practice, higher coefficients are obtained for gases, 
because of gas slippage. Moreover, the moisture content of the test specimen has an 
important influence on gas permeability coefficient. To obtain representative test 
results, conditioning of the test specimens has to be comparable to that of the 
concrete in service (Neville, 1995). 

Capillary water absorption: Capillary water absorption tests measure the rate of 
water absorption by capillary suction of unsaturated concrete specimens. According 
to Aligizaki (2006), this measuring technique gives indirectly an indication about the 
macro pores of the concrete. Contrarily, Martys and Ferraris, (1997) claim that the 
sorption process is governed by the capillary pores at early times, while at later ages 
(order hundreds of days), the flow rate is dominated by the gel pores and can 
possibly be controlled by diffusion processes as well. Moreover, Martys and Ferraris 
(1997) suggest to use Eq. (3.39) for the prediction of the long term behaviour after 
measuring the water uptake for 10 to 20 days. In Eq. (3.39) V is the absorbed 
volume of water, A is the sample surface area exposed to water, C is a coefficient 
related to the distance from the concrete surface over which capillary pores control 
the initial sorption, S is the sorptivity coefficient, S0 is a coefficient taking surface 
effects at the start into account (negligible for fit data over long periods) and Sg is a 
factor describing the sorptivity in the smaller pores or the effects of moisture 
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diffusion. Sg is much smaller than S and the function is formulated so that at early 
age, in the limit t1/2 < C/S, expansion of the exponential gives C(1-exp(-S√t/C)) ~ 
S√t. Consequently, formula (3.39) can be replaced by the more known formula 
(3.40) at early ages. At long times, Eq. (3.39) is dominated by the second term.  
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Other researchers e.g. (Parrot, 1992; Kaufmann and Studer, 1995) found an 
anomalous relationship between the capillary water absorption and time (Eq. (3.41)). 
Sometimes, the deviation from the root of time behaviour has been attributed to an 
inhomogeneous distribution of the humidity, while in (Martys and Ferraris, 1997) a 
modification of the pore structure due to leaching or further hydration has been 
suggested as reason. According to Martys and Ferraris (1997), this anomalous time 
behaviour is obtained when surface effects at initial water exposure and the 
crossover from large to small pore dominated sorption are not considered.  

αtS
A

V ⋅=  (3.41) 

In the PhD thesis of Audenaert (2006), a summary of existing test methods and 
influencing parameters can be found. Given all the internal differences (preparation 
(coating), drying temperature, direction, duration, measurement), comparison 
between the different methods is difficult. One of the major parameters is the pre-
drying condition, since at higher moisture contents, the capillary water uptake is 
lower (Neville, 1995; Martys and Ferraris, 1997; Nokken and Hooton, 2002). 
According to Neville (1995), the hygral state of the specimens should be established 
or the specimens should be conditioned at 105°C. However, drying temperatures of 
105°C can induce damage, as mentioned above. Furthermore, test methods, which 
measure the mass gain (in g/mm²) are easier to perform than the ones which measure 
the water level, recognizable by the darker colour.  

Mercury intrusion porosimetry: Mercury intrusion porosimetry (MIP) is the most 
widely used method for the study of the pore structure (Kumar and Bhattacharjee, 
2003). According to the applied pressure, the pore diameters which can be measured 
by MIP range from 1 nm to 1000 µm (Ye, 2003). Boel (2006) mentions a measuring 
range from 5 nm to 10 µm. A lot of criticism is given towards this technique.  

- Sample preparation: Both crushed and cored samples can be used for MIP. 
However, the variation between samples is smaller for cored ones (Kumar 
and Bhattacharjee, 2003). Because of this variation and based on the work 
of Laskar et al. (1997), it is advised to investigate at least 6 samples. Drying 
of the specimens before mercury is intruded, can change the pore structure 
(Taylor, 1997; Ye, 2003). Moreover, the drying technique influences the 
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contact angle between the concrete and mercury. Kumar and Bhattacharjee 
(2003) mention contact angle values of 117°, 130° and 140° for 
respectively oven-drying, chemical drying using magnesium perchlorate 
hydrate and all other techniques. The variation of the surface tension of 
mercury is rather small and a value of 0.484 N/m is taken for oven-dried 
samples in (Kumar and Bhattacharjee, 2003). 

- Mercury intrusion: Since mercury is intruded under pressure, damage can 
be caused (Taylor, 1997; Ye, 2003). For pastes made from composite 
cements, mercury intrusion alters the structure even more since the walls 
between the large, discontinuous pores are broken by mercury (Taylor, 
1997). Moreover, for larger pores with a narrow entrance, the pressure 
necessary to intrude this finer pore has to be applied to fill the larger pore. 
Consequently, the volume of finer pores is overestimated, while the volume 
of wider pores is underestimated (Taylor, 1997; Ye, 2003).  

- Pore size distribution: Usually, the relation between the applied pressure 
and the diameter of the pores is given by the Washburn equation. In 
formula (3.42), p is the pressure (in N/m²), γ is the surface tension of 
mercury (in N/m), θ is the contact angle between the mercury and the 
cement (in °), and d is the pore diameter (in m). 

d

cosθγ4
p

⋅⋅−=  (3.42) 

However, according to Diamond (2000) the assumptions of this model ((i) 
cylindrical pores and (ii) entirely and equally accessible pores from the 
outer surface) are not fulfilled for cement-based materials, which leads to 
improper pore size distributions. Moreover, air voids are only intruded 
when the threshold pressure is reached and are consequently recognized as 
fine pores. Since slag cement pastes are marked by a discontinuous 
capillary pore system, characterized by a more foil-like morphology of 
CSH and slag inner product, several places are inaccessible to fluids and it 
is questioned if MIP and also sorption tests can give accurate test results for 
these mixes (Taylor, 1997). Nevertheless, Diamond (2000) concluded that 
for comparison purposes between mixes, the threshold diameter and the 
total volume of intruded mercury are appropriate parameters related to 
permeability and ion diffusion, respectively porosity. Kumar et al. (2003) 
also demonstrate that the shape factor, as introduced by Jenkins and Rao 
(1984), has little effect on the threshold diameter and does not influence the 
total porosity. However, contrary to the findings of Diamond (2000), they 
assume a pore shape with circular cross section, based on the findings of 
Maage (1984), who concluded that the cross section of pores cannot be fit 
better by an other shape than a circle.  

Sorption tests: The pore structure of cement-based materials in the micro and meso 
porous range can be investigated by sorption experiments. This allows to determine 
pore size distributions according to the BJH (Barrett, Joyner and Halenda) model, 
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and the specific surface area according to the BET (Brunauer, Emmett and Teller) 
theory (Lowell, 1979).  

For cement-based materials, water vapour and nitrogen are the most common used 
gases (Odler, 2003). However, it seems from literature review that the type of 
sorbate strongly influences the test results. A quotation of Garci Juenger (2001) is: 
‘No two techniques measure the same surface area for a given type of cement paste 
sample’. Generally, water vapour sorption yields higher specific surfaces in 
comparison to nitrogen sorption (Mikhail et al., 1963; Taylor, 1997; Garci Juenger 
and Jennings, 2001; Odler, 2003). On the one hand, this is due to the fact that water 
penetrates the vacated interlayer spaces, which are inaccessible for nitrogen 
molecules and which should be excluded from surface area measurements (Garci 
Juenger and Jennings, 2001). However, in Mikhail (1963), it is stated that the layer 
structure of tobermorite gel is not the cause of the difference between water and 
nitrogen adsorption. On the other hand, the ‘bottle-neck’ effect obstructs nitrogen to 
enter large pores with a small opening. Influencing parameters are the size of the 
nitrogen molecules, which are larger than water molecules, and the test temperature. 
Since water vapour sorption tests are performed at a higher temperature (ambient 
temperature in comparison to 77K for nitrogen adsorption (Odler, 2003)), the 
permeability for water molecules is artificially increased by activated diffusion. In 
case of nitrogen sorption, equilibrium conditions are only obtained in pore spaces 
accessible by normal but not by activated diffusion due to the low temperature and 
too short equilibration time. Moreover, it takes nitrogen several years to equilibrate 
(Odler, 2003). Finally, the water molecules have a strong dipole moment, enabling 
the molecules to penetrate into the pore space (Mikhail et al., 1963).  

The drying process, preparatory to the gas adsorption tests, complicates comparison 
of test results coming from different research projects. Theoretically, the free and 
adsorbed water must be removed, while the interlayer water must remain behind.  
However, different drying techniques, as e.g. D-drying, P-drying, oven-drying, 
freeze drying remove different amounts of water and cause collapse of the CSH 
structure on nanometer scale to different extents (Odler, 2003). Therefore, water 
vapour sorption experiments sometimes start with a desorption instead of an 
adsorption process (Rouquerol et al., 1999; Ahs, 2008). Moreover, pore water 
exchange with organic solvents before drying can double the specific surface area 
determined by nitrogen adsorption ((Litvan, 1976) cited by (Garci Juenger and 
Jennings, 2001) and (Odler, 2003)). Garci Juenger (2001) found that the total pore 
volume (r = 1 - 40 nm) of samples with and without methanol exchange before D-
drying does not differ significantly, while the volume of the smallest pores (r = 1 – 4 
nm) is higher when pore water is replaced by methanol. So, the solvent preserves the 
sample from the adverse consequences of drying (Taylor, 1997; Garci Juenger and 
Jennings, 2001). Unfortunately, Garci Juenger (2001) mentions that the test results 
of samples after methanol treatment show much variation, while Taylor (1997) cites 
that the shape of the isotherm changes, possibly due to chemisorption of methanol.   

Furthermore, the specific surface area determined by water vapour adsorption 
increases linearly proportionally to the hydration degree, indicating that the amount 
of adsorbed water vapour is a good measure to determine the amount of CSH. 



 

68 Chapter 3 

 

Contrarily, specific surfaces, determined by nitrogen adsorption, increase during the 
first stages of the hydration process. Later, the increase diminishes and the specific 
surface area finally declines with time, because a part of the pore system becomes 
partially or completely impermeable to nitrogen molecules (Odler, 2003).  

Odler (2003) concludes that the specific surface area determined by nitrogen 
adsorption does not represent the total surface area and gives preference to water 
vapour sorption tests.  

3.5.2.2 Direct methods 

Optical microscopy: Optical microscopy allows to observe details larger than a few 
microns. This implicates that air voids, voids due to bleeding and plastic settlement 
and incomplete compaction can be easily recognized, while it is impossible to 
examine the capillary void space. Moreover, to get a representative estimation of the 
occurrence of voids, thin sections coming from a sufficiently large area of the 
sample have to be investigated by light microscopy (St John et al., 1998).  

Scanning electron microscopy: On BSE images, open and closed pores can be 
distinguished form the other phases by their black colour, as mentioned in section 
3.4.3. Since for BSE imaging a comparative assessment has to be made between the 
resolution, determining the size of the pores which can be detected, and a 
representative observable area per image, in general, (coarse) capillary pores are the 
smallest ones which are still detectable with this technique. However, Diamond 
(1999) remarked that a part of this pore space corresponds with hollow shell pores, 
although this mode of hydration has been grudged by many researchers. Common 
resolutions, found in literature, are 0.185 µm (Ye, 2003), 0.2 µm (Igarashi et al., 
2005), 0.5 µm (Parrott et al., 1984) cited by (Taylor, 1997).  

Pore size distributions can be deduced from BSE imaging. Therefore, pore area 
fractions, obtained from the two-dimensional images, are equated with volume 
fractions if the number of frames is sufficient to obtain an adequate level of 
statistical significance (Taylor, 1997; Ye, 2003) and for each pore an equivalent 
diameter (diameter of a circle with the same area) is calculated (Ye, 2003; Igarashi 
et al., 2005). On the other hand, information about pore connectivity is more 
difficult to extract (Taylor, 1997) from these images despite the attempts made by 
many researchers (Ye, 2003). Igarashi et al. (2005) noted however that the pore size 
distribution also gives a qualitative indication concerning continuity of capillary 
pores since large areas of pores on BSE images are derived from continuous pores. 

3.5.3 Influence of BFS on the pore structure and permeability of 
concrete 

The movement of fluids through the concrete can occur by flow, diffusion and 
sorption. Strictly speaking, permeability refers to the flow, and penetrability is a 
more general term including all processes. However, for concrete research, 
‘permeability’ is commonly used in stead of ‘penetrability’ (Neville, 1995). The 
permeability of concrete is not simply related to the total volume of pores, but 
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depends on the size, distribution, shape, tortuosity and continuity of mainly the 
capillary pores. Since the formation of gel gradually fills the pore space, the pore 
structure continuously changes and the permeability of pastes decreases with 
progressing hydration (Neville, 1995). Moreover, the partial replacement of cement 
by BFS lowers the permeability, provided that enough time has elapsed for 
sufficient slag hydration (Taylor, 1997). Furthermore, since the heat of hydration is 
lower for BFS concrete than OPC concrete, thermal crack formation is largely 
avoided, leading to a higher penetration resistance of liquids and gases (Cheng et al., 
2005).  

Taylor (1997) mentions research results from MIP which indicate that, at early ages 
(a few days), the distribution of the pore size entries of slag cement pastes are 
coarser and the measured total porosity is higher than for OPC pastes. At later ages 
(1 year), a finer pore structure is obtained for slag cement pastes and the mercury 
cannot even enter all the pore space at maximum pressure. Similar research results 
were found by Pandey and Sharma (2000). At an age of 7 days, mortars in which 
10% of the cement was replaced by BFS show an increased mean pore diameter 
(350 nm) and a larger volume of pores > 200 nm compared to OPC mortars, due the 
slower slag hydration rate. At an age of 28 and 90 days, the mean diameter shifts to 
150 nm, respectively 75 nm and the total pore volume decreased to values 
equivalent with those of OPC mortar. According to Li et al. (2006), the total 
porosity of OPC pastes, determined by MIP, changes only slightly after 28 days, 
while that of pastes containing 10%, 20%, 30% or 40% BFS still decreases at 90 
days. After already 28 days of curing at 20°C and 100% RH, Aldea et al. (2000) 
recorded that replacement of cement by slag reduces the pore size opening and the 
continuous pore diameter. Ramezanianpour and Malhotra (1995), however, found 
that OPC mortar has a lower total porosity compared to 50% and 25% slag mortar 
after 28 days moist curing. Moreover, they investigated the effect of the curing 
condition on the pore size distribution and total porosity by MIP. Curing at room 
temperature after demoulding or after two days of moist curing adversely affects the 
performance of the slag mortars. However, the total porosity of OPC mortars 
strongly increases when cured at room temperature after demoulding, but curing at 
room temperature after two days of moist curing gives comparable results as moist 
curing for 28 days. Bouikni et al. (2009) also investigated the effect of curing 
conditions on the pore size distribution of concrete containing 50% and 65% BFS. 
They reported an increase, respectively decrease of the total intruded pore volume 
with age (28 days � 180 days) under dry and moist conditions. For concrete 
containing 50% BFS, the prolonged drying was much less harmful, since the pore 
volume of the small pores increased, while the pore volume of pores larger than 0.1 
– 0.2 µm decreased. For concrete containing 65% BFS, the volume of all pores 
increased. Moreover, the total volume of intruded pores increased for concrete with 
increasing slag replacement levels. However, for moist curing, the pore size 
distribution shifted towards the smaller pores. Although drying had an adverse effect 
on the pore structure of concrete containing slag, the pore structure remained more 
refined than for OPC concrete.   
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Besides porosity measurements, results of permeability tests can also be found in 
literature. Berndt (2009) performed permeability tests according to ASTM D 5084 
on concrete specimens with s/b ratios of 0%, 50% and 70%, wet cured for 84 days. 
She found similar permeability coefficients for all mixes, ranging from 1.0 to 1.4 × 
10-12 m/s. Contrarily, Cheng et al. (2005) obtained permeability coefficients at 91 
days which decrease with increasing BFS content. For concrete containing 0%, 40% 
and 60% BFS the permeability coefficients obtained by their permeability test setup 
amounted to respectively 2.56, 1,52 and 1.32 × 10-13 m/s. Türkmen and Gavgali 
(2003) reported capillarity coefficients (in cm³/min) of concretes (OPC, 10% silica 
fume (SF), 10% SF + 20 % BFS, 10% SF + 40% BFS) with w/c ratios of 0.35, 0.40 
and 0.45 cured in lime-saturated water from the 28th to 250th day. The capillarity 
coefficients of concretes containing 10% SF and 20% BFS (16.4, 18.7 and 20.3 × 
10-5 cm³/min for respectively w/c = 0.35, 0.4 and 0.45), 10% SF and 40% BFS (14.1, 
15.2 and 17.7 × 10-5 cm³/min) were lower than those of OPC concrete (23.6, 26.4 
and 33.7 × 10-5 cm³/min) and concrete containing 10% SF (18.7, 22.5 and 26.4 × 
10-5 cm³/min). 
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Chapter 4 

Applied test methods 

In this chapter, the measuring techniques applied to investigate the hydration and 
microstructure development of pastes, mortars or concretes containing BFS are 
discussed. Moreover, a short description of the processing procedure of the data is 
given.  

4.1 Thermogravimetry (TG) 

Preparation: TG measurements were performed on pastes, made with a w/b ratio of 
0.5 and s/b ratios of 0, 0.30, 0.50 and 0.85. To avoid segregation and bleeding, the 
mixes were cast in cylindrical rotating moulds (ø 46 mm, h 50 mm). After one day, 
the specimens were cured in a water bath at (20 ± 2)°C. Since the composition of 
cement paste changes continuously with time, the hydration of the binding agents 
was stopped at ages ranging from 18 hours till 1 year, by soaking crushed cement 
paste in methanol for 7 days and subsequently drying it in a dessicator. This method 
is considered to be reliable since many authors demonstrated the minor effect of 
methanol replacement on the TG results (Parrott, 1983; Pane and Hansen, 2005; 
Baert et al., 2008).  

Measurement: The obtained samples were exposed under an inert atmosphere (argon 
or nitrogen) to increasing temperatures, ranging from 20 °C to 1100 °C at a rate of 
10 °C/min (TA Instruments 2950 or Mettler-Toledo TGA/SDTA 851e). However, 
only the data points lower than 850°C were analysed, since crystallisation of 
hydrated compounds occurred at higher temperatures (Vedalakshmi et al., 2003). 

Processing: Figure 4.1 presents a typical graph of the mass change in function of the 
temperature as a result of a TG experiment. In the current research, it is assumed that 
all the evaporable water is driven off at temperatures lower than 105°C (Klimesch 
and Ray, 1996; Tixier et al., 1997; Wang et al., 2004; Cassagnabère et al., 2009), 
although some researchers claim that adsorbed water still can be lost between 
temperatures of 105°C and 130°C or even 150°C (Escalante-Garcia, 2003; 
Mounanga et al., 2004; Kourounis et al., 2007). At higher temperatures, the 
chemically bound water (wb) dehydrates from the CH, C-S-H and other hydrates. 
However, to determine the value of the non-evaporable water content, the mass loss 
between 105°C and 850°C must be corrected for the mass loss due to decarbonation 
(around 650°C) (Pane and Hansen, 2005).  
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Figure 4.1: Mass loss during thermal decomposition of CP50 at 28 days.  

When CH decomposes (generally between 410 and 480 °C) in CaO and H2O, a mass 
loss is recorded due to the loss of water. Taking into account the molecular weights 
of Portlandite (MWCH in g/mol) and water (MWH2O in g/mol), the weight loss during 
CH dehydration (WLCH in %) could be converted to the amount of CH (in %) 
(Peschard et al., 2004) according to formula (4.1). In order to compare results, the 
CH-content and the chemically bound water content were expressed in %, relative to 
the final mass, recorded at 850°C.  
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Furthermore, the mass loss recorded at a temperature of ~ 670°C corresponds with 
the decomposition of CaCO3 in CaO and CO2 (WLCaCO3 in %). Since the CaCO3 
originated on the one hand from the original cement and slag (WLoriginal CO2 in %), 
but on the other hand from the chemical carbonation reaction between CH and CO2 
(Klimesch and Ray, 1996), an extra term was added to formula (4.1) to calculate the 
original CH content irrespective of carbonation of the samples (Eq. (4.2)). However, 
it must be remarked that the CH value can be slightly overestimated since part of the 
CaCO3 also originates from the carbonation of CSH (Borges et al., 2010). 
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Moreover, the mass losses WLCH and WLCaCO3 were corrected for the concurrent 
dehydration of all other hydrates, according to the method described by Baert 
(2009). 
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4.2 Scanning electron microscopy (backscattered electron (BSE) 
imaging) 

Preparation: Cement pastes with a w/b ratio of 0.5 and s/b ratios of 0, 0.5 and 0.85 
were cast in cylindrical moulds (ø 46 mm, h 50 mm) and rotated at a speed of 15 
rotations per minute. After one day, they were demoulded and cured under water at 
(20 ± 2)°C. At an age of 2, 7, 14 days, 2.5 and 28 months, the specimens were 
prepared as follows: 

- The specimens were broken into small pieces (0.5 – 1 cm) and the 
hydration was stopped by methanol replacement, as described above. 

- Subsequently, the specimens were placed in a dessicator for one week 
and dried in an oven at 40°C until constant mass. 

- The specimens were impregnated with epoxy resin (Conpox Harpiks 
BY 158 and Hardener HY 2996) and dried for at least 24 hours. 
Thereafter, a small layer was ground off (SiC paper grit 120) or cut off 
until the cement paste particles became uncovered. Subsequently, the 
specimens were impregnated for a second time.  

- Then, the samples were ground with SiC paper 320, 800 and 1200 grit 
for about 2 minutes. However, the duration of the first step could take 
more time, depending on the epoxy layer thickness. Finally, the 
samples were polished with diamond paste of 6, 3, 1 and 0.25 µm for 
about 2 minutes and cleaned up with a soft cloth. Figure 4.2 shows 
pictures of the final products. 

   

Figure 4.2: Prepared samples for BSE-imaging. 

Measurement: BSE-images were taken with an environmental scanning electron 
microscope (ESEM – Philips 30 XL series). The pressure was lowered to  ~ 0.5 
Torr, the working distance was set at ~ 10 mm and the accelerating voltage 
amounted to 20 kV. In total, 12 to 15 randomly distributed images were taken per 
sample. Figure 4.3 shows a typical BSE-image of cement paste containing 50% of 
BFS at the age of 28 months. 

S0 S50  S85 
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Figure 4.3: Example of a BSE-image (CP50 at an age of 28 months) 

Backscattered electrons, which are high-energy electrons, have undergone multiple 
elastic scattering events within a specimen. However, the fraction of backscattered 
electrons depends on the average atomic number of the phase. The higher the atomic 
number, the higher the density and the brighter the phase appears on a BSE-image. 
Consequently, the different phases on a BSE-image can be distinguished by their 
differential brightness. On a greyscale digital image, with grey level intensities 
ranging from 0 (black) to 255 (white), the following phases can be distinguished in 
descending order of grey level intensity: unhydrated cement, unhydrated slag, CH, 
CSH and pores. (Stutzman, 2004; Robeyst, 2009) 

Processing: In this research, grey level histograms of the obtained BSE-images were  
generated by an image analysis program (Image Tool / PhotoShop) and the image 
was subsequently segmented based on greyscale thresholds. As can be seen in 
Figure 4.4 (a / b), the 4 different phases, present in OPC paste can be easily 
distinguished. However, as shown in Figure 4.5 (a / b), the grey level of BFS 
overlaps with those of unhydrated cement and CH. Therefore, slag grains were first 
manually selected. Because of their typical angular shape, they could be easily 
recognized.  

A 3 × 3 median filter operation was applied to remove isolated pixels: each output 
pixel contains the median value in the 3-by-3 neighborhood around the 
corresponding pixel in the input image. Thereafter, the software program Matlab 
created a processed image (Figure 4.4 (c) and Figure 4.5 (c)) and calculated the area 
fractions of the different phases. Since 12 to 15 images were analysed per sample, 
the area fractions were equated with volume fractions.  

Figure 4.4: Image analysis of a BSE-image of CP0 at 2 days: (a) original image, (b) 
grey level histogram, (c) processed image (pores – black; CSH – dark grey; CH – 
light grey; unhydrated OPC – white). 
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Figure 4.5: Image analysis of a BSE-image of CP85 at 28 months: (a) original 
image, (b) grey level histogram, (c) processed image (pores – black; CSH – dark 
grey; CH – light grey; unhydrated slag – yellow; unhydrated OPC – white). 

4.3 Calorimetry 

4.3.1 Isothermal calorimetry 

Preparation: The sample ampoules were filled with 14 g paste, consisting of OPC, 
BFS and water. In general, the w/b ratio amounted to 0.4 or 0.5 and the s/b ratios 
were 0, 0.30, 0.50 and 0.85. Additionally, some extra tests were performed on pastes 
containing HSR cement and mixes with s/b ratios of 0.95 and 1 were also made. 
Before mixing, the components were kept at a temperature close to the measurement 
temperature to avoid significant differences between the paste and the isothermal 
environment (10°C, 20°C or 35°C). Subsequently, the components were manually 
mixed together. Since mixing occurred outside the calorimeter, the first hydration 
peak could not be registered entirely. This peak only amounts to a few percent of the 
total heat liberated (De Schutter, 1999) and will therefore not be considered in the 
further analysis. 

Measurement: In this study, the hydration heat of OPC and BFS was determined 
with a TAM AIR isothermal heat conduction calorimeter (TA instruments). Each 
channel of this calorimeter is constructed in twin configuration with one side for the 
test sample and the other side for an inert reference (quartz sand). Beneath each 
channel, heat flow sensors are installed to measure the heat production rate q. The 
twin principle allows the heat flow from the active sample to be compared with the 
reference. This comparison enhances the stability and limits the noise within the 
system. Isothermal calorimetric tests were performed at 10°C, 20°C and 35°C for 
respectively 14 days, 7 days and 7 days. 
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Figure 4.6: Construction of the isothermal calorimeter (TAM AIR). 

Processing: Data from the isothermal calorimetric measurements were obtained in 
‘mV’ and could be converted to ‘mJ/s’ after calibration of the test setup. 
Considering the amount of binder (OPC + BFS), the heat production rate q could be 
expressed in the more conventional unit ‘J/gh’. The cumulative heat production Q 
(in J/g) was then calculated as the integral of the heat production rate q over time. 

4.3.2 Semi-adiabatic calorimetry 

Preparation: Semi-adiabatic calorimetric measurements were performed on standard 
mortars (EN 196-1) and concrete mixtures. A standard mortar mixture consists of  
1350 g sand, 225 g water and 450 g cement. In this research, the cement was 
partially replaced by BFS and the s/b ratios were 0, 0.15, 0.30, 0.50, 0.70 and 0.85. 
The concrete mixes had a w/b ratio of 0.5 and s/b ratios of 0, 0.30, 0.50, 0.70 and 
0.85. The compositions of the different concrete mixtures can be found in section 
2.2.3.  

Measurement: Semi-adiabatic calorimetric measurements on mortar samples were 
performed in a calibrated calorimeter of the CRIC, the Belgian centre for scientific 
and technical researches for the cement industry. The measurements were performed 
during 14 days. Although the hydration proceeds for a longer time, most of the 
hydration heat is liberated during the first days after mixing.  

To monitor the hydration heat of the concrete samples under semi-adiabatic 
conditions, a Langavant calorimeter, coupled to the FreshCon system (section 4.4), 
was used (Figure 4.7). During 48 hours, the temperature rises of the hydrating 
concrete sample and a reference sample (completely hydrated specimen), each 
placed in a heat-insulated flask, were recorded by a thermocouple.  

Reference 
ampoule 

Sample 
ampoule 
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Figure 4.7: Semi-adiabatic calorimeter available at the Magnel Laboratory for 
Concrete Research (Robeyst, 2009). 

Processing: Considering the thermal capacity and heat losses of the test setup, the 
cumulative heat production Q (in J/g) could be calculated from the measured 
temperature rise, according to EN 196-9 (2010). The formula is given in section 
3.3.3 and the (calibration) parameters (Robeyst, 2009) are tabulated in Table 4.1. 
Subsequently, the heat production rate q could be determined as the derivative of Q. 

Table 4.1: Values of the (calibration) parameters, applied to calculate the 
cumulative heat production from the measured temperature rise under semi-adiabatic 
conditions. 

(Calibration) parameter  Value  
Specific heat capacity of OPC Cc 800 J/kg/K 
Specific heat capacity of BFS Cs 800 J/kg/K 

Specific heat capacity of aggregates Ca 800 J/kg/K 
Specific heat capacity of water * Cw 3800 J/kg/K 
Specific heat capacity of the can Cca 500 J/kg/K 

Thermal capacity of the empty calorimeter (calibration) (Eq. (3.16)) µ 355 J/K 
Calibration parameter to determine the heat loss (Eq. (3.15)) a 58 J/K/h 
Calibration parameter to determine the heat loss (Eq. (3.15)) b 0.28 J/K²/h 

* average of bound and unbound 

4.3.3 Adiabatic calorimetry 

Preparation: Adiabatic calorimetric measurements were performed on concrete 
mixes with a w/b ratio of 0.5 and s/b ratios of 0, 0.15, 0.30, 0.50, 0.70 and 0.85. The 
concrete compositions are described in section 2.2.3. The concrete was cast in a 
cylinder with a height of 400 mm and a diameter of 280 mm. 

Measurement: Contrary to semi-adiabatic measurements, during which a limited 
heat exchange with the environment is allowed, the heat exchange is completely 
avoided under adiabatic conditions by keeping the environment at the same 
temperature as the hydrating concrete sample. In the test setup, applied in this 
research (Figure 4.8) (De Schutter and Taerwe, 1995), the temperature of the 
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hydrating concrete sample and the surrounding water ring are measured each by 5 
thermocouples. If the average temperature difference between both exceeds 0.2°C, 
the water is heated up to the same temperature as the concrete sample and is 
circulated to avoid temperature gradients. Between the concrete cylinder and the 
water ring, an extra air layer prevents heat losses of the concrete and prevents that 
the temperature of the hydrating concrete sample is influenced by the heat originated 
from the water. 

Since it took some time to install the concrete sample in the calorimeter, 
measurements were started 40 minutes after water addition (mixing) and lasted 
about 4 to 6 days. 

 

Figure 4.8: Adiabatic test setup (derived from (De Schutter and Taerwe, 1995)). 

Processing: From the measured temperature rise of the hydrating concrete sample, 
the cumulative heat production Q (in J/kg binder) in function of time could be 
derived, as mentioned in section 3.3.2. For the specific heat capacity of concrete, the 
general assumed value of 1000 J/kg/K is used. This is justified, since the value, 
calculated according to formula (3.13) with the parameters mentioned in Table 4.1, 
only slightly differs from 1000 J/kg/K (~ 1017 J/kg/K). Furthermore, the heat 
production rate q (in J/g/h) could be calculated as the derivative of the cumulative 
heat production Q.  

4.4 Ultrasonic measurements 

Preparation: Mortar and concrete mixes with a w/b ratio of 0.5 and s/b ratios of 0, 
0.30, 0.50, 0.70 and 0.85 were made according to the compositions mentioned in 
section 2.2.2 and 2.2.3. Subsequently, the sample containers, which have a different 
size for mortar (~ 35 cm³) and concrete (~ 450 cm³) (Figure 4.9), are filled and 
placed on a vibrating table for 30 s. During the measurements, the sample is sealed 
with a plastic film to avoid water evaporation and shrinkage of the concrete or 
mortar, resulting in decoupling of the sample and the container walls.  

Measurement: Ultrasonic P-wave transmission measurements were performed with 
the FreshCon system (Figure 4.9), developed at the University of Stuttgart. Every 5 
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minutes, an electric pulse is sent by the data-acquisition card of the computer 
through the amplifier (450 V for mortar, 800 V for concrete), to the piezoelectric 
broadband transmitter (central frequency 0.5 MHz), which generates the ultrasonic 
wave. The ultrasonic signal passes then through the concrete or mortar specimen and 
is received by the ultrasound receiver. After conversion of the ultrasonic wave, the 
electrical signal is sent back to the preamplifier and finally to the data-acquisition 
card of the computer. On the computer screen, an online version of the software 
program allows to monitor the received signals, their frequency spectra, wave 
velocity and energy. 

 

Figure 4.9: FreshCon system, as developed at the University of Stuttgart (Robeyst, 
2009). 

More information about the test setup and the working principle of the FreshCon 
system can be found in (Robeyst, 2009).  

Processing: An offline version of the FreshCon software, allows to re-evaluate the 
data.  

P-wave velocity: The detection of the onset time of the signals generally occurs 
automatically by algorithms, implemented in the software. For the experiments 
performed during this research, the AIC (Akaike Information Criterium) algorithm is 
applied to determine more accurately the onset time, firstly estimated by the 
amplitude threshold picker. However, during the first hours after mixing, when the 
concrete/mortar is still a suspension and the signal-to-noise ratio of the signals is 
lower, the automatic algorithms sometimes fail and the onset time was manually 
picked. If the time needed to travel through the hardware, sensors and container 
walls is known by calibration, the ultrasound velocity in concrete/mortar can be 
calculated as the travel distance divided by the travel time (measured travel time – 
time delay). 

P-wave energy and frequency spectra: Although the P-wave energy and the 
frequency spectra could also be evaluated by the FreshCon software, these 
parameters are not discussed in the current thesis. From the research performed by 
Robeyst (2009) it could be concluded that some extra information concerning setting 
and microstructure development could be deduced from the frequency spectra 
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compared to the velocity curves. However, processing of the velocity curves is less 
complicated and the obtained information is also accurate enough.  

4.5 Nitrogen sorption 

Preparation: Nitrogen sorption tests were performed on cement pastes with a w/b 
ratio of 0.5 and s/b ratios of 0, 0.5 and 0.85. The pastes were cast in cylindrical 
rotating moulds and demoulded after 24 hours. Subsequently, the cylinders were 
immersed in water at (20 ± 2)°C until the time of testing. At 7 days, 1 and 3 months, 
the specimens were broken into small pieces. For each mix, a set of four pieces (200 
– 400 mg) were then brought into a tube, which was placed in a sandbed at 105°C 
for ~ 20 hours in order to remove adsorbed contaminants from the test specimens.  

Measurement: The test tubes were installed in the test equipment (Tristar – Surface 
Area and Porosity Analyzer – Micromeritics (Figure 4.10)), evacuated and cooled to 
cryogenic temperatures (77K). Subsequently, nitrogen was admitted to the paste at a 
series of controlled pressures (p/p0 ranging from 0 to 1, with p the equilibrated 
pressure and p0 the saturation pressure). After each increment, the pressure was 
allowed to equilibrate and the quantity of adsorbed gas was determined. When the 
saturation pressure (p/p0 = 1) was reached, the pressure was gradually reduced to 
scan the desorption isotherm. 

 

Figure 4.10: Surface area and porosity analyser (http://www.pss.aus.net) 

Processing: Desorption and adsorption isotherms were deduced from the test results. 
From the adsorption isotherm, pore size distributions could be calculated, using the 
BJH-method, and the specific surface area could be determined by the BET-method.  

Pore size distribution: The determination of the pore size distributions in the 
mesoporous range (2 < d < 50 nm according to the IUPAC definition) was based on 
the method proposed by Barrett, Joyner and Halenda (1951) (Lowell, 1979). Since 
this BJH-model assumes cylindrical pores and the co-existence of physical adsorbed 
and capillary condensed phases, the radius rp of a pore could be calculated as the 
summation of the thickness of the adsorbed layer, t, and the Kelvin radius, rk (Figure 
4.11). 
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Figure 4.11: Representation of adsorption of adsorbate on the cylindrical pores 
walls and capillary condensation in the inner capillary volume (Baroghel-Bouny, 
2007). 

Physical adsorption: The thickness of the adsorbed layer was calculated according 
to formula (4.3), assuming that the adsorbed film depth in a pore is the same as on a 
plane surface for any value of the relative pressure. In formula (4.3), W is the mass 
of adsorbed molecules at a certain relative pressure, Wm is the mass of adsorbed 
molecules in a completed monolayer and τ the thickness of one layer, which can be 
calculated as the ratio of the volume, V, and area, A, occupied by one mole of liquid 
if spread over a surface to the depth of one molecular layer.  
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By determining W/Wm in function of p/p0 on a non-porous surface, the t-curve can 
be formulated. In this research, the t-curve as described by the Halsey equation was 
used to predict the thickness of the adsorbed nitrogen layer (in nm) in function of the 
relative pressure (Eq. (4.4)). 

31

0

N2

p
p

ln

5
0.354t






























−⋅=

 

(4.4) 

Capillary condensation: The value of the Kelvin radius at a certain relative pressure 
(p/p0) could be calculated using a convenient form of the Kelvin equation (Eq. 
(4.5)). This formula expresses that for pores with decreasing pore radii, the 
overlapping potentials of the walls more readily overcome the translational energy 
of an adsorbate molecule and condensation occurs at a lower pressure. 
Consequently, as the relative pressure is increased, condensation will occur 
progressively in pores with increasing pore radii, until, at a relative pressure of 1, 
condensation occurs on a plane surface. 
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In formula (4.5), p (in N/m²) is the equilibrium vapour pressure of the liquid in a 
pore with radius rk (in m), p0 (in N/m²) is the equilibrium vapour pressure of this 
liquid on a plane surface, γ is the surface tension of the liquid (in N/m), Vliq is the 
liquid’s molar volume (in m³/mol), θ is the contact angle between liquid and pore 
wall, R is the universal gas constant (8.314 J/(K·mol)) and T is the temperature (in 
K). Values of these parameters, applied in case of nitrogen sorption, are tabulated in 
Table 4.2. 

Table 4.2: Values of the parameters to determine the pore size distribution in case of 
nitrogen sorption experiments (Lowell, 1979). 

Parameter  Value  
Surface tension γ 8.85·10-3 N/m 

Molar volume of nitrogen Vliq 34.6·10-6 m³/mol 
Contact angle θ 0° 
Temperature T 77 K 

Calculation example: The calculation procedure to determine the pore size 
distribution from a hypothetical desorption isotherm is illustrated in Table 4.3. Since 
bottleneck pores may occur in cement paste, BJH calculations were performed on 
the adsorption isotherm instead of on the desorption isotherm during this research. 
The procedure is similar to the one explained below. 

- Columns 1 and 2 contain the results obtained from the experiment. The 
adsorbed volumes are normalized for one gram of absorbent. 

- In column 3, the Kelvin radius is calculated according to formula (4.5). 
In Table 4.3, the values are expressed in Å (10-10 m).  

- In column 4, the thickness of the adsorbed layer is determined using 
equation (4.4) in case of nitrogen adsorption. The values are again 
expressed in Å (10-10 m). 

- Column 5 contains the pore radius, which is the sum of the Kelvin 
radius (column 3) and the film depth (column 4). 

- Columns 6 and 7 are the averages of two successive values from 
column 3, respectively column 5. 

- Column 8 is the change in layer thickness between two successive 
values of column 4. 

- Column 9 is the change in adsorbed volume during each step. These 
values are calculated by subtracting successive values of column 2. 
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Table 4.3: BJH worksheet for pore size distribution (example) (Lowell, 1979). 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 

p/p0 
Vgas 
STP* rk t rp rk rp ∆t 

∆Vgas 

STP 
∆V liq
× 103 

∆t∑S
× 103 

Vp 
× 103 S ∑S 

(-) 
(cm³
/g) 

(Å) (Å) (Å) (Å) (Å) (Å) 
(cm³
/g) 

(cm³
/g) 

(cm³
/g) 

(cm³
/g) 

(m²/
g) 

(m²/
g) 

0.99 161.7 950 28.0 978 
711 737 5.8 0.2 0.31 0 0.33 0.01 0.01 

0.98 161.5 473 22.2 495 
394 414 2.8 0.5 0.77 0 0.85 0.04 0.05 

0.97 161.0 314 19.4 333 
250 268 3.2 0.8 1.23 0.02 1.39 0.10 0.15 

0.95 160.2 186 16.2 202 
138 153 3.4 1.4 2.16 0.05 2.59 0.34 0.49 

0.90 158.8 90.7 12.8 104 
74.8 87.0 1.7 1.6 2.46 0.08 3.22 0.74 1.23 

0.85 157.2 58.8 11.1 69.9 
50.8 61.4 1.1 2.0 3.08 0.14 4.29 1.40 2.63 

0.80 155.2 42.8 10.0 52.8 
39.7 49.5 0.5 2.3 3.54 0.13 5.30 2.14 4.77 

0.77 152.9 36.6 9.5 46.1 
34.9 44.3 0.3 4.0 6.16 0.14 9.70 4.38 9.15 

0.75 148.9 33.2 9.2 42.4 
31.8 40.9 0.3 3.8 5.85 0.27 9.23 4.51 13.66 

0.73 145.1 30.4 8.9 39.3 
29.2 38.0 0.2 4.2 6.47 0.27 10.50 5.53 19.19 

0.71 140.9 27.9 8.7 36.6 
26.9 35.4 0.3 5.0 7.70 0.58 12.33 6.97 26.16 

0.69 135.9 25.8 8.4 34.2 
24.9 33.2 0.2 5.9 9.09 0.52 15.24 9.18 35.34 

0.67 130.0 23.9 8.2 32.1 
23.1 31.2 0.2 6.1 9.39 0.71 15.83 10.15 45.49 

0.65 123.9 22.2 8.0 30.2 
21.5 29.4 0.2 6.6 10.16 0.91 17.29 11.76 57.25 

0.63 117.3 20.7 7.8 28.5 
20.0 28.8 0.1 7.2 11.09 0.57 21.81 15.15 72.40 

0.61 110.1 19.3 7.7 27.0 
18.7 26.3 0.2 7.5 11.55 1.45 19.98 15.19 87.59 

0.59 102.6 18.1 7.5 25.6 
17.6 25.0 0.2 7.6 11.70 1.75 20.08 16.06 130.7 

0.57 95.0 17.0 7.3 24.3 
16.5 23.8 0.1 8.1 12.47 1.04 23.78 19.98 123.6 

0.55 86.9 16.0 7.2 23.2 
15.6 22.7 0.2 8.1 12.47 2.47 21.17 18.66 142.3 

0.53 78.8 15.1 7.0 22.1 
14.7 21.6 0.1 7.3 11.24 1.42 21.20 19.63 161.9 

0.51 71.5 14.2 6.9 21.1 
13.8 20.7 0.1 6.1 9.39 1.62 17.48 16.89 178.8 

0.49 65.4 13.4 6.8 20.2 
12.7 19.4 0.3 8.1 12.47 5.36 16.59 17.10 195.9 

0.45 57.3 12.0 6.5 18.5 
11.2 17.6 0.3 5.6 8.62 5.88 6.77 7.69 203.6 

0.40 51.7 10.4 6.2 16.6 
9.8 15.6 0.2 4.3 6.62 4.07 6.71 8.44 212.0 

0.35 47.4 9.1 6.0 15.1 
8.5 14.4 0.3 4.4 3.70 2.53 3.36 4.66 220.5 

0.30 45.0 7.9 5.7 13.6 
         

* STP: Standard temperature and pressure (0°C, 100 kPa) 

- In column 10, the volume of gas, ∆Vgas, is converted to the 
corresponding volume of liquid ∆V liq. For nitrogen at standard 
temperature and pressure, this can be calculated according to formula 
(4.6), with Vliq the molar volume of liquid nitrogen (34.6 cm³/mol), and  
Vgas, the molar volume of nitrogen gas (22400 cm³/mol). 

liqV
V

⋅=
gas

gas
liq

∆V
∆V  (4.6) 

- Column 11 represents the volume change of the adsorbed film 
remaining on the walls of pores from which the centre core has 
previously evaporated. The first entry of column 11 is assumed to be 
zero. This introduces only a small error since the area produced by 
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pores larger than 950 Å is small compared to their volume. To 
calculate the subsequent entries of column 11, ∆t for a decrement is 
multiplied by ∑S from the row above, corresponding to the adsorbed 
film area exposed by evaporation of the centre cores during all 
previous decrements. In Table 4.3, the values are subsequently 
converted to be expressed in cm³/g. 

- Column 12 contains the actual pore volumes, Vp (in cm³/g). Since ∆V liq 
and Vp are defined according to formula (4.7), respectively (4.8), Vp 

can be calculated by combining both formulas (Eq. (4.9)). In these 
formulas, rk, rp and ∆t are expressed in Å, L (which corresponds to the 
total length of the cylindrical pores concerned) in Å/g and ∑S in m²/g.  

4-242
liq 10S∆t10Lπ∆V −⋅⋅+⋅⋅⋅= ∑kr   (4.7) 

-242
p 10LπV ⋅⋅⋅= pr  (4.8) 

( ) ( )[ ]4
liq

2

p 10S∆t∆VV −⋅⋅−⋅







= ∑

k

p

r

r
 (4.9) 

- In column 13, the surface area of the pore walls is calculated in 
accordance with formula (4.10). Vp is expressed in cm³/g, rp in Å and S 
in m²/g. 

4p 10
V2

S ⋅
⋅

=
pr

 (4.10) 

- Column 14 sums the column of figures of column 13.  

The pore size distribution in the microporous range (d < 2 nm according to the 
IUPAC definition) is not considered. When only one or two molecular diameters are 
involved, the validity of the Kelvin equation becomes questionable because of the 
uncertainty regarding molar volumes and surface tension. Therefore, the calculations 
must be stopped for nitrogen adsorption experiments at relative pressures around 
0.3. However, the total volume of micro-pores can be determined as the difference 
between the total volume of pores, calculated according to Gurvitch rule (4.11) at a 
relative pressure of 0.99, and the sum of the figures in column 12 (Lowell, 1979). 

liq
gas

V
V

⋅= gas
tot

V
V  (4.11) 

Specific surface area: The determination of the specific surface area of a paste is 
based on the BET-theory (Brunauer et al., 1938). Brunauer, Emmet and Teller 
extended in 1938 Langmuir’s theory to multilayer absorption and obtained the BET-
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equation as presented by formula (4.12) (Lowell, 1979). W is the mass of adsorbed 
molecules, p and p0 are respectively the adsorbate equilibrium pressure and the 
saturation pressure on a free surface, C is a constant which characterises the strength 
of interaction between the specimen and the adsorbed gas and Wm is the mass of 
adsorbed molecules in a completed monolayer. In case of water vapour sorption, 
p/p0 can be replaced by the relative humidity. 

( )[ ] 0mm0 p

p

CW

1C

CW

1

1ppW

1 ⋅
⋅

−+
⋅

=
−

 (4.12) 

A straightforward application of the BET equation is the determination of the 
specific surface area of the sample. For this purpose, the test results were plotted in a 
graph representing 1/(W[(p0/p)-1]) in function of p/p0. In the low relative pressure 
range (0.05 ≤ p/p0 ≤ 0.35), a linear curve should be obtained with slope s (Eq. 
(4.13)) and intercept i (Eq. (4.14)), from which Wm (Eq. (4.15)) and C (Eq. (4.16)) 
could be calculated.    
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C +=  (4.16) 

Subsequently, the specific surface area, SBET could be determined according to 
formula (4.17), with NA Avogradro’s number (6.02·1023 particles per mole), A and 
M, respectively the cross-sectional area and the molecular mass of an adsorbate 
molecule and m the mass of the test specimen. For nitrogen as adsorbate, values of 
the constant are mentioned in Table 4.4. 

mM

ANW
S Am

BET ⋅
⋅⋅=  (4.17) 

Table 4.4: Values of the parameters to determine the specific surface area in case of 
nitrogen sorption experiments. 

 Parameter  Value  
Cross-sectional area (Odler, 2003) Α 0.162·10-18 m² 

Molar mass of nitrogen M 28 g/mol 
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4.6 Dynamic water vapour sorption (DVS) 

Preparation: Baroghel-Bouny (2007) concluded from her research that the presence 
of aggregates has no influence on the water vapour sorption isotherms as the 
sorption processes take place in voids with dimensions much smaller than those 
present in the paste-aggregate interfacial zone. Therefore, cement paste instead of 
concrete is applied to perform dynamic water vapour sorption (DVS) experiments. 
The w/b ratio amounted to 0.5 and the s/b ratios were 0, 0.5 and 0.85. The pastes 
were cast in cylindrical moulds, which rotated for 24 hours at a speed of 15 rotations 
per minute. Afterwards, the specimens were cured under water at a temperature of 
(20 ± 2)°C until the time of testing (7 days, 1, 3 and 7 months). Then, the specimens 
were crumbled and a piece of 30 to 100 mg (particle size of a few millimetre) was 
put on a dish placed in the chamber of the DVS equipment. 

Measurement: The test setup to perform DVS experiments is shown in Figure 4.12  
(DVS – SMS: Surface Measurement Systems, UK). This method allows to 
determine the water vapour adsorption/desorption isotherms by continuously 
monitoring the mass change of a sample placed in an environment with controlled 
temperature and RH. In the current research, the temperature was maintained at 
20°C and the RH was controlled by mixing dry and humid nitrogen gas. Because of 
the high temperature (293 K in case of water vapour sorption and 77K in case of 
nitrogen sorption experiments) nitrogen will not adsorb.  

 

Figure 4.12: DVS equipment (http://surfaceenergyanalyzer.com) 

Since drying complicates the interpretation of the test results (see section 3.5.2.1), 
the DVS measurements started with a desorption process of the saturated test 
specimens. As can be seen in Figure 4.13, two desorption/adsorption cycles were 
completed. The RH varied between 100% and 0% and changed in steps of 10%. 
During each step the mass change was continuously recorded (once a minute). Other 
researchers (Tada and Watanabe, 2005) have also used 1 minute measuring 
intervals.  
When the software detected a change in mass lower than 0.002% per minute, the RH 
changed automatically by 10%. For the example presented in Figure 4.13, complete 
scanning of two desorption – adsorption cycles took approximately 150 hours (67, 
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25, 33 and 25 hours for respectively the first desorption, first adsorption, second 
desorption and second adsorption).  

-5

0

5

10

15

20

25

30

35

40

0 1000 2000 3000 4000 5000 6000 7000 8000 9000

Time (min)

C
ha

ng
e 

In
 M

as
s 

(%
) 

- 
D

ry

0

20

40

60

80

100

120

T
ar

g
et

 R
H

 (
%

)

dm - dry

Target RH

 Temp:  20.4 °C
 Meth:  RH100 0 100 0 100.SAO

 
Figure 4.13: Humidity test cycle, together with the mass change response of CP 85 
at an age of  7 days. 

Processing: Desorption and adsorption isotherms, representing the mass water 
content (in % vs. dry mass) in function of the RH, were deduced from the test 
results.  

Pore size distribution and specific surface area: The pore size distribution and 
specific surface area can be determined based on the water vapour sorption 
isotherms. The technique is comparable to that mentioned in section 4.5. However, 
since water vapour was used as adsorbate in stead of nitrogen, the values of the 
constants were adjusted, as indicated in Table 4.5.  

Table 4.5: Values of the parameters to determine the pore size distribution in case of 
water sorption experiments. 

Parameter  Value  
Surface tension γ 7.28·10-2 N/m 

Molar volume of water V 18·10-6 m³/mol 
Contact angle θ 0° 
Temperature T 293 K 

Cross-sectional area (Odler, 2003) Α 0.114·10-18 m² 
Molar mass of water M 18 g/mol 

Moreover, the t-curve, as determined by Hagymassy (1969) for non-porous 
adsorbents with a similar heat of adsorption of water on the adsorbent, can be used 
to predict the thickness of the adsorbed water layer in function of the relative 
humidity. Since the C-constant of the BET equation is an adequate measure of the 
heat of adsorption, the t-curves corresponding with C = 10-14.5 and C = 10-200 are 
applied respectively for p/p0 ranging from 0.01 – 0.5 and 0.5 – 1.00. 
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Table 4.6: Statistical thickness (Å) of the film adsorbed on non-porous adsorbents 
as function of the relative pressure (-) and the C-constant of the BET equation 
(Hagymassy et al., 1969).  

p/p0 t for C=10-14.5 t for C=10-200 
0.01 0.30  
0.25 0.40  
0.05 0.49  
0.10 0.64  
0.15 0.78  
0.20 0.92  
0.25 1.04  
0.30 1.17  
0.35 1.29  
0.40 1.41  
0.45 1.57  
0.50 1.72 1.75 
0.55  1.88 
0.60  2.00 
0.65  2.16 
0.70  2.33 
0.75  2.53 
0.80  2.78 
0.85  3.11 
0.90  3.54 
0.925  3.80 
0.950  4.15 
0.975  4.68 
0.99  5.72 

1  6.06 

CSH-content: The CSH-content could be quantified by the method developed by 
Olson and Jennings (2001), which is based on the fact that CSH gel has a surface 
area per unit volume, which is at least an order of magnitude higher than any other 
component in the hardened paste. Based on this method, the CSH-content was 
calculated as the ratio of the amount of water adsorbed by cement paste compared to 
that adsorbed by CSH, both at a RH of 20%. This value of the RH was chosen by  
Olson and Jennings (2001) because of the proportionality between the amount of 
adsorbed water and the CSH-content: at a RH of 20%, multilayer adsorption occurs, 
without excessive condensation in the gel pores.  

To determine the amount of adsorbed water per cm³ CSH, Olson and Jennings 
(2001) assumed that, for samples which were first D-dried and then oven-dried, the 
stoichiometry of the CSH was C3.4S2H3 and the density amounted to 2.6 g/cm³. With 
these assumptions and the test results obtained from water vapour sorption 
experiments (to determine the adsorbed water content) and TG analysis (to 
determine the CSH-content) on hydrated C3S pastes, they concluded that 260 mg 
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water will be adsorbed by 1 cm³ C3.4S2H3 at 20% RH. According to Baroghel-Bouny 
(2007) the weight gain of 1 cm³ CSH at a RH of 22.8% is 219 mg.  

For cement pastes containing (high) amounts of BFS, the composition of CSH 
changes (see section 3.2.3). Nevertheless, Olson and Jennings showed that the 
method is also applicable for blended cement pastes. They used the above-
mentioned formulas and calibration values, and assumed that the density of solid 
CSH, the specific surface area and the ratio of the specific surface area to the 
volume of the CSH do not change considerably in comparison to pure cement paste. 
Although the accuracy of this technique still can be improved by determining more 
correct values of the above-mentioned parameters, this method provides values 
which are otherwise unobtainable. 

4.7 Mercury intrusion porosimetry 

Preparation: Concrete mixes containing different amounts of BFS (s/b = 0, 0.50, 
0.70 and 0.85) (see section 2.2.3) were made and cubes with a side length of 150 
mm were cast. The specimens were demoulded after 24 hours and cured at (20 ± 
2)°C and a RH higher than 95%. At the age of 5 months, cubes with a side length of 
~ 10 mm, containing as few aggregates as possible, were sawn from the interior part 
of the concrete specimens. Subsequently, the specimens were dried at (35 ± 5)°C in 
a ventilated oven for 3 days. 

Measurement: An automatic mercury porosimeter (Autopore IV 9500 series – 
Micromeritics) was used to characterize the concrete’s porosity (Figure 4.14).  

 

Figure 4.14: Automatic mercury porosimeter – Autopore IV 9500 series 
(http://www.micromeritics.com). 

The test specimens (2 to 3 cubes) were placed in the sample cup of a sealed 
penetrometer, which is connected with a capillary stem (Figure 4.15). The mass of 
the penetrometer was recorded before the penetrometer was placed in a low pressure 
port. The test cell was then evacuated and the penetrometer was filled with mercury. 
When the specimens were surrounded by mercury, the pressure was gradually 
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increased and mercury intruded, first into the largest pores. The apparatus registered 
for each pressure increment, the volume of intruded mercury from the remaining 
volume of mercury in the capillary stem.     

 

Figure 4.15: Sealed penetrometer, consisting of a sample cup and a capillary stem 
(http://www.micromeritics.com). 

After intrusion at low pressure (0 � air pressure), the penetrometer was weighed 
again and moved to the high pressure chamber. Smaller and smaller pores were 
filled with mercury when the pressure increased up to 30000 psia (~ 207 MPa). 
Finally, mercury is partially extruded from the concrete sample in the high pressure 
range (30000 psia –  ~ 16 psia (~ air pressure)).                                                                                                                                                                    

Processing: Intrusion and extrusion curves represent the cumulative volume, V, of 
intruded mercury (in ml/g) in function of the applied pressure, p. By using the 
Washburn equation (4.18), which describes the relationship between the pressure 
and the pore diameter in case of cylindrical pores, the cumulative volume of 
intruded mercury versus pore diameter can be plotted. In formula (4.18), p is the 
pressure (in N/m²), γ is the surface tension of mercury (in N/m), θ is the contact 
angle between the mercury and the cement, and d is the pore diameter (in m). The 
values of γ and θ were here set at 0.485 N/m, respectively 130°.  

d

cosθγ4
p

⋅⋅−=  (4.18) 

From the obtained test results, the following parameters could then be calculated: 

Total porosity: The total porosity was calculated as the total volume of intruded 
mercury, Vtot, divided by the bulk density of the test specimen. 

Inkbottle porosity: The ratio between the volume of mercury which remains in the 
specimen after an intrusion and extrusion cycle, and the bulk density of the test 
specimen, defines the inkbottle porosity.  

Pore size distribution curve: The pore size distribution curve was obtained as the 
derivative curve of the graph representing the cumulative volume of intruded 
mercury in function of the pore diameter.   

Specific surface area: The specific surface area, S, (in m²/g), determined by mercury 
intrusion porosimetry, was calculated according to formula (4.19); m is the mass (in 
g) of the test sample, p is the pressure (in N/m²), γ is the surface tension of mercury 
(in N/m), θ is the contact angle between the mercury and the cement, and V is the 
pore volume (m³). 
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∫ ⋅⋅
⋅⋅

−=
V

0

dVp
cosθγm
1

S  (4.19) 

Critical pore diameter (dcr): Pore diameter corresponding with the steepest slope of 
the intrusion curve (Boel, 2006). 

Threshold pore diameter (dth): Pore diameter at which the slope of the intrusion 
curve suddenly increases (Boel, 2006). 

Mean pore diameter (dmean): The mean pore diameter could be calculated according 
to formula (4.20), when cylindrical pores with open ends are assumed. 

S

V4
d tot

mean
⋅=  (4.20) 

4.8 Water absorption under vacuum 

Preparation: Concrete mixes, in which 0%, 50%, 70% and 85% of the cement is 
replaced by BFS were produced and cubes with a side length of 150 mm were cast. 
Afterwards, the specimens were stored in a climate room at a temperature of (20 ± 
2)°C and a RH higher than 95%. At the time of testing (1, 3, 6 and 16 months), 
concrete cores (ø 100 mm, h 150 mm) were drilled out of the concrete cubes and 
were sawn into 3 pieces. The obtained cylinders (ø 100 mm, h 50 mm) were then 
subjected to two vacuum saturation tests. Before the first test, the specimens were 
dried until constant mass (mass loss < 0.1%) in a ventilated oven at (40 ± 5)°C (md, 

40°C). The second test was preceded by drying at (105 ± 5)°C (md, 105°C) until constant 
mass.  

Measurement: The porosity accessible to water can be determined by hydrostatic 
weighing after a vacuum saturation according to the standard NBN B 05-201 
paragraph 6.1 (1976). The specimens were placed in a vacuum with a residual 
pressure of 2.7 kPa for 2.5 hours. Thereafter, water was added at a rate of 5 cm/h 
until the specimens were completely immersed. The air pressure was re-established 
and the cylinders were stored under water for 24 hours. Finally, the mass of the 
specimens under water (ml) and the saturated mass (ms) were determined. Figure 
4.16 shows a picture of the vacuum saturation test setup. 
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Figure 4.16: Vacuum tank for water absorption tests under vacuum. 

Processing: Based on the dry (md), saturated (ms) and under water mass (ml), the 
open porosity after drying at (40 ± 5)°C and (105 ± 5)°C could be calculated 
according to formulae (4.21) and (4.22). 

Cl,40Cs,40

Cd,40Cs,40
C40 mm

mm

°°

°°
° −

−
=ϕ   

Cl,105Cs,105

Cd,105Cs,105
C105 mm

mm

°°

°°
° −

−
=ϕ  

(4.21) 

 

(4.22) 

  

4.9 Capillary water sorption 

Preparation: For the capillary water sorption tests, concrete mixes with a w/b ratio of 
0.5 and s/b ratios of 0, 0.50, 0.70 and 0.85 were made. The concrete compositions 
are described in detail in section 2.2.3. The concrete cubes, with a side length of 150 
mm, were stored in a climate room at a temperature of (20 ± 2)°C and a RH higher 
than 95%, until the time of testing (1, 3, 6 and 12 months). Then, the specimens 
were dried in a ventilated oven at (40 ± 5)°C for 14 days. This temperature is 
comparable with the one prescribed in ASTM C 1585-04 (50°C). Subsequently, the 
sides, adjacent to the surfaces which will be submerged (cast surface), were covered 
with aluminium tape and a capillary sorption test was performed. Afterwards, the 
same specimens were dried at (105 ± 5)°C until constant mass to remove all 
capillary and gel water and were again subjected to a capillary sorption 
measurement. 

Measurement: Capillary absorption tests were performed based on the standard 
NBN B 15-217 (1984) in a climate room at a temperature of (20 ± 2)°C and a RH of 
(60 ± 5)%. The concrete cubes, prepared according to the above-mentioned 
procedure, were placed on rods in a water bath. The water level was always located 
at 5 ± 1 mm above the underside of the cube (Figure 4.17). The capillary sorption 
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was measured by weighing the cubes at different times (1, 2, 3, 4, 5, 6, 24, 72, 168, 
240 and 336 hours). 

 

Figure 4.17: Capillary water absorption test. 

Processing: Based on the curves, which present the cumulative amount of absorbed 
water, i (in kg/m²), in function of the square root of time (in √h), two sorptivity 
coefficients (S1 and S2 in kg/(m²·√h)) were defined. Their values correspond with the 
slope of the two linear parts of the curve (Figure 4.18). Moreover, the curves were 
fit based on the formula proposed by Martys and Ferraris (1997) (Eq. (4.23), see also 
section 3.5.2.1 for more details). The methods were compared and discussed. In the 
original formula of Martys and Ferraris, V is the volume of absorbed water (in m³), 
A is the cross-sectional area of the water exposed surface (in m²), C is a constant 
related to the distance from the concrete surface over which capillary pores control 
the initial sorption (in m), t is the time (in h), S and Sg are sorptivity coefficients (in 
m³/(m²·√h)) which dominate respectively at early stages or long times, S0 (in m³/m²) 
takes surface effects into account but becomes negligible when fitting data over long 
periods. In the current research, the cumulative mass of absorbed water was 
determined by weighing. Consequently, V/A, C and S0 will be expressed in kg/m², 
while S and Sg will be expressed in kg/(m²·√h).  

0g StS
C

tS
exp1C

A

V +⋅+
























 ⋅−−⋅=  (4.23) 
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Figure 4.18: Procedure to analyse the results of capillary water sorption tests (dots = 
experimental results; blue and red lines = linear curve fit to determine S1 and S2; 
grey line = model of Marthys and Ferraris). 

4.10 Water permeability 

Preparation: Four concrete mixes (S0, S50, S70 and S85, as defined in section 2.2.3) 
were produced and concrete cubes, with a side length of 150 mm were cast. After 3 
months, the specimens were taken away from the climate room, set at (20 ± 2)°C 
and a RH higher than 95%. Then, concrete cores (ø 80 mm, h 150 mm), which were 
drilled out of the concrete cubes, were sawn into cylindrical test specimens (ø 80 
mm, h 20 mm). The cylinders were glued into a PVC ring with epoxy resin  and just 
before the start of the measurement, the specimens were vacuum saturated. 

Measurement: The water permeability apparatus, as shown in Figure 4.19, was used 
to determine the water permeability coefficients of the different concrete mixtures. 
As can be seen, the concrete specimens were installed between two compartments, 
both filled up with water. The tube, at the top of the upper compartment, allows to 
register the decrease of the water level in function of time. The flexible hose, which 
is connected with the underside of the lower compartment, ends on the same level as 
the underside of the test specimen. Every 2 or 3 days, the water level was recorded 
and the tube was filled up to maintain a nearly constant water pressure. Since it took 
some time to obtain a steady-state flowing regime, measurements were performed 
during 6 weeks.  
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Figure 4.19: Water permeability apparatus 

Processing: The water permeability coefficient, K, (in m/s) for each time interval 
was calculated according to formula (4.24). However, in the further analysis, only 
the (nearly) constant values in steady-state regime are considered. In formula (4.24), 
Atube and Aspecimen are respectively the cross-sectional areas of the tube (ø 14 mm) 
and the specimen (ø 80 mm), h is the height of the concrete cylinder (20 mm) and 
∆h1 and ∆h2 are respectively the differences in height of rise between both 
compartments at times t1 and t2 (= difference in height between the water level in the 
tube and the underside of the test specimen, as indicated in red in Figure 4.19). 
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Since the value of K (in m/s) depends on the liquid used in the test, the intrinsic 
permeability coefficient, k (in m²) was also calculated. In formula (4.25), η is the 
dynamic viscosity (in N·s/m²), ρ the density of the liquid (in kg/m³) and g the 
gravitational constant (9.81 m/s²).  

gρ
ηK

k
⋅
⋅=  (4.25) 
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4.11 Gas permeability 

Preparation: Slabs (400 x 400 x 100 mm) made of concrete S0, S50, S70 and S85 
(section 2.2.3) were cast, demoulded after 1 day and cured at (20 ± 2)°C and a RH 
higher than 95%. At the age of testing (1, 3, 6 and 12 months), three concrete 
cylinders (ø 150 mm, h 50 mm) were taken from the interior part of a slab. 
Subsequently, the test specimens were subjected to the procedure mentioned in 
Table 4.7, which is mainly based on the work of Carcassès (2002). The specimens 
are first dried at 80°C to constant mass (mass loss over 24 hours < 0.1%), and are 
then vacuum saturated. Subsequently, the specimens are dried in three different steps 
to obtain gas permeability coefficients at different saturation degrees.  

Table 4.7: Procedure to determine the gas permeability 
Day Instruction Measurement 

0 - Dry the specimens at 80°C until constant mass  
10 - Weigh the specimens  
11 - Weigh the specimens  
14 
 

- Weigh the specimens 
- Perform a vacuum saturation 

md,80°C 

15 
 
 
 
 
 

- Weigh the specimens under water  
- Weigh the saturated specimens 
- Seal the circumferential surfaces with aluminium foil (to 
prevent radial transport of moisture) 
- Weigh again 
- Put the specimens in an oven at 80°C 

mL 

ms 
 
 

 

 

16 
 
 

- Wrap the specimens completely in Al-foil (for a 
homogeneous redistribution of the moisture) and place 
them again in the oven  

 

17 
 
 

- Place the specimens in a climate room at 20°C and 60% 
RH (the specimens are still wrapped in Al-foil to prevent 
against further drying while cooling) 

 

18 
 
 

 

- Weigh the specimens 
- Perform the first permeability measurement at 2, 3 and 4 
bar 
- Dry the specimens at 80°C 

m1 
ka, S=x%, P=2,3 or 4 bar 

 
 

21 
 

- Wrap the specimens completely in Al-foil and place them 
again in the oven 

 

22 
 

- Place the specimens in a climate room at 20°C and 60% 
RH 

 

23 
 
 
 

- Weigh the specimens 
- Perform a second permeability measurement at 2, 3 and 4 
bar 
- Dry the specimens at 105°C until constant mass 

m2 

ka, S=x%, P=2,3 or 4 bar 
 
 

28 
 

- Place the specimens in a climate room at 20°C and 60% 
RH 

 

29 
 
 

- Weigh the specimens 
- Perform the third permeability measurement at 2, 3 and 4 
bar 

m3 
ka, S=x%, P=2,3 or 4 bar 
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Measurement: Gas permeability measurements were performed by a CEMBUREAU 
permeameter (Figure 4.20) with 3 pressure cells (Figure 4.21) to accommodate 
concrete cylinders, an oxygen gas supply with a pressure regulation (up to 6 bar) and 
calibrated soap bubble flow meters. 

 

Figure 4.20: CEMBUREAU gas permeameter (http://www.lnec.pt) 

 

Figure 4.21: Pressure cell of a CEMBUREAU permeameter 

The measuring procedure is based on a RILEM recommendation (Andrade et al., 
1999) and could be summarized as follows. The test specimens were placed in the 
permeameter cells and a pressure was built up in the rubber tubes to prevent leakage 
of oxygen gas. After assembling the apparatus, the oxygen gas pressure was first set 
at 2 bar and the flow rate was measured by the soap bubble flow meters when a 
steady-state regime was established (mostly after 30 minutes). Subsequently, the 
pressure was increased to the next pressure level (3 and 4 bar) and the procedure was 
repeated. 

Processing: Gas permeability measurements were performed on concrete specimens 
with different saturation degrees, S. The saturation degree was calculated according 
to formula (4.26), with m the mass of the specimen at a certain measurement, ms the 
saturated mass and m3 the dry mass after oven-drying at 105°C. 

3s

3

mm

mm
S

−
−=  (4.26) 
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For each saturation degree and applied pressure (2, 3 or 4 bar), the gas permeability 
coefficient, ka, S, P (in m²), could be calculated according to formula (4.27). This 
formula is derived from the Hagen-Poiseuille equation for laminar flow of a 
compressible fluid through a porous material under steady-state conditions. In this 
formula, Q is the measured flow rate (in m³/s), P is the applied pressure or upstream 
pressure (in N/m²), Patm is the atmospheric pressure or downstream pressure (101300 
N/m²), h is the height of the specimen (in m), A is the cross-sectional area (in m²) 
and η is the dynamic viscosity of oxygen gas (2.02·10-5 N·s/m²). 

( )2
atm

2
atm

PS,a,
PPA

ηhPQ2
k

−⋅

⋅⋅⋅⋅
=  (4.27) 

Additionally, it had to be checked for each measurement series whether the flow was 
laminar, by plotting the flow rate against the pressure gradient (P2-P2

atm). For 
laminar flow, a (quasi) linear relationship must be found (Boel, 2006). Moreover, it 
was verified if the gas permeability coefficient decreased when the pressure 
increased to ensure that no leaks appeared during the test (Andrade et al., 1999). 
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Chapter 5 

Monitoring the hydration and setting of concrete 
containing BFS: Experimental results 

5.1 Thermogravimetry  

5.1.1 Bound water content – reaction degree 

The non-evaporable water content (in g/100 g binder) for CP0, CP30, CP50 and 
CP85 is presented in function of age in Figure 5.1. As can be seen, the bound water 
content of pastes containing BFS decreases less than proportional to the cement 
replacing percentage, proving an enhancement of the cement hydration in presence 
of BFS at very early ages, when the slag hydration is still negligible, and the 
considerable contribution of water bound to the slag hydration products at later ages. 
This explanation is made more clear with Figure 5.2. 

0

5

10

15

20

25

0.1 1 10 100 1000 10000
Age (days)

w
b 
(g

/1
0

0g
 b

in
de

r)

CP0 (OPC (I),
BFS (I))
CP0 (OPC (II),
BFS (II))
CP0 (OPC (III),
BFS (III))
CP30 (OPC (II),
BFS (II))
CP50 (OPC (I),
BFS (I))
CP50 (OPC (II),
BFS (II))
CP50 (OPC (III),
BFS (III))
CP85 (OPC (I),
BFS (I))
CP85 (OPC (II),
BFS (II))
CP85 (OPC (III),
BFS (III))
TPE CP0 

TPE CP50

TPE CP85

 
Figure 5.1: Bound water content of cement paste containing 0%, 30%, 50% or 85% 
BFS. The three parameter equation (TPE) is fit on the curves of (OPC (I), BFS (I)) 
and (OPC (II), BFS (II)). 
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Figure 5.2: Ratio of the bound water content of CPx (containing 30, 50 or 85% 
slag) to that of CP0 × c/b in function of time. 

The degree of reaction of pure OPC pastes can be obtained by normalizing wb by its 
maximum value wb,∞. To determine wb,∞, the data points of wb in function of time, t, 
are fit by a three parameter equation (TPE) (Eq. (5.1)), similar to the one proposed 
by Pane and Hansen (2005). In this formula, τ and a respectively control the 
intercept and the curvature of the plot in the logarithmic scale. The TPE’s fit on the 
data points of cement pastes made from OPC (I) and OPC (II) are presented in 
Figure 5.1. The estimated value of wb,∞ amounts to 22.1 g/100 g binder. This 
corresponds quite well with the values found in literature, ranging from 0.23 to 0.25 
g/g ignited sample (Copeland and Kantro, 1960; Pane and Hansen, 2005). Neville 
(1995) mentions non-evaporable water contents of 18% by mass of the anhydrous 
material for well-hydrated cements and 23% for fully hydrated cement . 



















−⋅= ∞

a

b,b t
τ

expww  (5.1)  

The same procedure, as mentioned above, was also applied to the pastes containing 
50% and 85% BFS. While the value of wb,∞ for CP50 (22.4%) approximates the 
value of OPC paste, a sharp decline (11.4%) was recorded for CP85 and less water is 
bound in hydration products. According to Chen (2006), the slag hydration degree 
decreases significantly for high slag proportions. In section 5.2.2, it will be shown 
that the slag hydration degree after 2 years amounts to ~70 % in CP50, while this 
value is merely 39% for CP85. 

In Figure 5.3, the reaction degrees of CP0, CP50 and CP85 are plotted in function of 
age. As can be seen, the reaction degree of OPC paste is higher than for slag blended 
pastes. Moreover, the curve of CP85, which has the lowest values during the first 
days, surpasses the curve of CP50 after about 3 days and tends to reach the curve of 
CP0 after about one year. Remark however that the data points show a lot of scatter, 
especially for CP85. Remember also that the hydration degree and reaction degree 
are not the same: the applied definitions are described in Chapter 3, section 3.4. 
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Figure 5.3: Overall reaction degree (wb/wb∞) of cement pastes with s/b ratios of 0%, 
50% and 85% in function of age. 

5.1.2 Ca(OH)2 content 

The CH content (in g/100 g binder) of CP0, CP30, CP50 and CP85 was determined 
by TG measurements and the results, calculated according to formula (4.1) and 
(4.2), are presented respectively in Figure 5.4 and Figure 5.5. Because almost no 
specimens of the type CP0, CP30 and CP50 show carbonation, the differences 
between both figures are rather limited. However, CP85 seems to be more 
vulnerable to carbonation, resulting in CH contents which differ a few percentage 
points for some test specimens.   
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Figure 5.4: Ca(OH)2 content of pastes containing 0%, 30%, 50% and 85% BFS, 
calculated according to formula (4.1). This formula does not correct for carbonation.  
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Figure 5.5: Ca(OH)2 content of pastes containing 0%, 30%, 50% and 85% BFS, 
calculated according to formula (4.2). With this formula, the original CH content is 
estimated irrespective of carbonation of the samples. Remember however that this 
CH value can be slightly overestimated (especially for the pastes with high s/b 
ratios) since part of the CaCO3 also originates from the carbonation of CSH. 

The CH content in pastes containing BFS is obviously lower than in pure cement 
pastes and the CH content decreases with increasing slag proportions. However, the 
decrease is not proportional to the cement replacement percentage. At very early 
ages, the CH content of CP0, expressed in g/100 g OPC, is lower than the level in 
CP30, CP50 and most of the test specimens of CP85. This indicates an enhancement 
of the cement hydration in the presence of BFS. Possible reasons for this are 
enumerated in section 3.3.1. Later, when the correct alkalinity is reached and the 
slag hydration has started, the CH content decreases slightly more than proportional 
with the replacement percentage. Moreover, as can be deduced from the results 
obtained by BSE microscopy (section 5.2), the hydration degree of cement in 
blended pastes is higher than that of cement in pure cement pastes. Taking into 
account all these aspects it can be concluded that a (limited) consumption of CH 
occurs during the slag hydration. This explanation is made more clear with Figure 
5.6. 
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Figure 5.6: Ratio of the CH-content of CPx (containing 30, 50 or 85% slag) to that 
of CP0 × c/b in function of time (open symbols: outliers).  

After one month, the values of the CH content in CP0 and CP50 fluctuate between 
17 and 19%, respectively 6 and 8%. These fluctuations around a mean value are 
probably due to the small specimen sizes which are very sensitive to slight changes 
in composition. Moreover, only one test result is available at each age per batch 
cement and slag. Concerning CP85, the mass losses during CH decomposition are 
very small (0 –  1%) and some test specimens are carbonated. This makes the 
determination of the CH content more doubtful and results in a reduced accuracy.  

Following the procedure described in Pane and Hansen (2005), the reaction degree 
of slag can be estimated. The method is based on the fact/assumption that (1) the CH 
content in OPC pastes is an (almost) linear function of the bound water content, (2) 
the amount of CH in blended pastes is less than the CH produced in pure OPC pastes 
(as also mentioned in previous paragraphs), (3) CH is consumed during the slag 
reaction and (4) the CH in blended pastes is only produced by the hydration of 
cement and not by the hydration of slag. In that way, the difference between the 
curves presenting the CH content of OPC and blended pastes (expressed in g/100g 
OPC) in function of the bound water content (also expressed in g/100g OPC) 
determines the reduction of CH due to the slag reaction. The reaction degree, rS, can 
then be calculated by combining formulas (5.2) and (5.3).  
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The data points and the curve fitting, obtained in this research are presented in 
Figure 5.7. As can be seen, the curve fittings of  the CH-wb plots of CP50 coincide 
for bound water contents lower than 9 g/100 g OPC (corresponding to the first hours 
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of hydration). From then onwards, the curves start to deviate from each other and the 
slag reaction is started. In correspondence with the findings for CP50, it was also 
expected that the CH-wb plots for CP0 and CP85 first coincide. However, as can be 
seen in Figure 5.7, this is not the case. The deviation starts at very low values of wb 
and the trend line has a very low correlation coefficient due to the scattered data 
points. Additionally, it must be remarked that the water bound to cement and slag 
hydration products is not the same (see section 5.5.1), making the method less 
accurate. Nevertheless, the reaction degree of slag in pastes with s/b ratios of 0.5 and 
0.85 was calculated according to this procedure and the results are presented in 
Figure 5.8.  
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Figure 5.7: CH content of pastes CP0, CP50 and CP85 in function of the bound 
water content (both expressed in g/100 g OPC). 
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Figure 5.8: Reaction degree of slag in cement pastes with s/b ratios of 0.5 and 0.85. 
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5.2 BSE-imaging 

5.2.1 Formation of hydration products 

The volume fractions of cement, slag and pore water in the fresh mixtures are 
reported in Table 5.1.  

Table 5.1: Volume fractions (%) of cement, blast-furnace slag and pore water in the 
fresh mixtures with slag-to-binder ratios of 0%, 50% and 85%. 

 
 

CP0 CP50 CP85 
OPC 39.2 19.3 5.8 
BFS - 20.7 34.8 

Pore water 60.8 60.0 59.4 

Image analysis of BSE-images allows to determine the volume percentages of 
unhydrated cement, unhydrated slag, CH, CSH and pores. The results obtained for 
CP0, CP50 and CP85 after 2, 7, 14, 74 days and 28 months are tabulated in Table 
5.2. Because of the low quality of polishing, some results are omitted. The standard 
errors, as mentioned in Table 5.2, indicate the variation between the 12 to 15 images 
coming from the same test specimen.  

When the hydration process proceeds, unhydrated cement and slag particles 
disappear gradually and hydration products are formed. The capillary pore space 
reduces and the porosity within the gel products increases. With a few exceptions, 
this general trend can be detected in the values of Table 5.2 and Table 5.1. The 
unexpected differences between the measurements at 2.5 and 28 months can 
possibly be attributed to the use of different cement and slag batches. 
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Table 5.2: Volume fractions (%) of unhydrated cement, unhydrated slag, CH, CSH 
and pores for pastes containing 0%, 50% or 85% of BFS at different ages (s = 
standard error). 

 CP0 CP50 CP85 
2 days OPC (III) OPC (III), BFS (III) OPC (III), BFS (III) 

Unhydrated OPC 17.8 (s = 1.0) 4.3 (s = 0.5) 4.1 (s = 0.7) 
Unhydrated BFS - 14.8 (s = 0.9) 33.5 (s = 0.8) 

CH 8.8 (s = 1.0) 6.5 (s = 0.7) 1.5 (s = 0.5) 
CSH 43.7 (s = 2.4) 45.8 (s = 1.8) 22.5 (s = 0.5) 
Pores 29.5 (s = 2.1)  28.5 (s = 1.5) 38.4 (s = 0.9) 
7 days OPC (III) OPC (III), BFS (III) OPC (III), BFS (III) 

Unhydrated OPC 11.5 (s = 1.1) 3.9 (s = 0.8) - 
Unhydrated BFS -  11.0 (s = 1.5) - 

CH 10.6 (s = 0.6)  7.9 (s = 1.0) - 
CSH 56.3 (s = 3.0) 53.0 (s = 2.8) - 
Pores 21.6 (s = 2.9) 24.2 (s = 2.2) - 

14 days OPC (III) OPC (III), BFS (III) OPC (III), BFS (III) 
Unhydrated OPC -  2.7 (s = 0.3) - 
Unhydrated BFS -  13.2 (s = 1.0) - 

CH -  7.2 (s = 0.8) - 
CSH -  65.1 (s = 1.0) - 
Pores - 11.8 (s = 1.0) - 

74 days OPC (III) OPC (III), BFS (III) OPC (III), BFS (III) 
Unhydrated OPC 6.3 (s = 1.1) 2.2 (s = 0.4) 1.4 (s = 0.4) 
Unhydrated BFS - 12.8 (s = 1.1) 25.7 (s = 1.2) 

CH 11.0 (s = 0.7)  7.0 (s = 0.6)  0.9 (s = 0.6) 
CSH 61.8 (s = 2.0)  69.1 (s = 1.0)  61.1 (s = 1.8) 
Pores 20.9 (s = 2.4) 8.8 (s = 0.9) 10.9 (s = 2.1) 

28 months OPC (I) OPC (I), BFS (I) OPC (I), BFS (I) 
Unhydrated OPC 10.2 (s = 0.7) 1.1 (s = 0.1) 0.5 (s = 0.1) 
Unhydrated BFS - 5.9 (s = 0.5) 21.2 (s = 0.9) 

CH 12.6 (s = 0.8) 6.9 (s = 0.5) 2.2 (s = 0.5) 
CSH 64.9 (s = 0.6) 72.6 (s = 0.7) 56.8 (s = 1.8) 
Pores 12.3 (s = 1.0) 13.6 (s = 1.0) 19.2 (s = 2.2) 

In Table 5.3, the volume ratios of CSH and CH to hydrated OPC are tabulated. For 
pure cement pastes, the ratio CSH/OPC ranges between 1.88 and 2.24. These values 
are higher than the ratios obtained from the experiments of Ye (1.65 � 1.95: from 1 
up to 28 days for cement pastes with w/c = 0.5). Powers et al. (1955) mention that 
the volume of the cement gel (including gel pores) produced by hydrating the 
cement is approximately 2.3 times the volume of the cement. For CP50, the ratios 
are slightly higher (3.06 – 4.05) than those of CP0, while for CP85 the values are the 
highest (10.80 – 13.77). This indicates that the hydration of BFS contributes towards 
the formation of calcium silicate hydrates.  
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Table 5.3: Evolution of the volume ratios CSH/hydrated OPC and CH/hydrated 
OPC in function of time.  

 CP0 CP50 CP85 
 CSH/OPC CH/OPC CSH/OPC CH/OPC CSH/OPC CH/OPC 

2 days 2.04 0.41 3.06 0.43 13.54 0.88 
7 days 2.04 0.38 3.44 0.51 - - 
14 days - - 3.91 0.44 - - 
74 days 1.88 0.34 4.05 0.41 13.77 0.21 

28 months 2.24 0.43 3.99 0.38 10.80 0.42 

If CH is consumed during the slag hydration, the ratio CH/OPC should be lower for 
CP50 and CP85 than for CP0. However, as can be seen in Table 5.3, the values 
fluctuate considerably (also for CP0) and no clear trend in function of time and 
cement replacement percentage can be deduced from the experimental results. 
Moreover, the value obtained for CP85 at 2 days is probably wrong (too high): in 
comparison to the hydration degree of cement in CP0 (55%) and CP50 (77%), the 
cement hydration degree of CP85 (29%) is much lower (section 5.2.2), while 
calorimetric measurements (section 5.3) indicate an enhancement of the cement 
hydration in presence of BFS. 

In the next paragraphs, the volume fractions of the different phases, obtained by 
image analysis of BSE-images were compared with computer simulations. 
CEMHYD3D (NIST, USA), a pixel model which allows to simulate the hydration of 
OPC blended with BFS, seemed to be the most appropriate model for this research. 
Moreover, Robeyst (2009) modified the original open-source code to improve the 
simulation of blended cement hydration and the adjusted model was validated based 
on isothermal calorimetric measurements of the current thesis (see section 5.3.1). A 
detailed description of the new model (CEMHYD3D NM) can be found in Robeyst 
(2009). However, the most important adjustments within the scope of this research 
are listed below: 

- Adjustment of the ‘pHfactor’: The pHfactor is a variable in CEMHYD3D 
which controls the reactivity of clinker minerals depending on the pH value 
of the pore solution. To better capture the pH changes during the hydration 
process, Robeyst reduced the step size of this function and made it more 
continuous in time.  

- Introduction of a ‘pHslagfactor’: Since higher pH values accelerate the 
hydration of BFS more than that of OPC, the pHfactor of clinker, which 
formerly also served for BFS, was replaced by a pHslagfactor.  

The changes of the phase distributions in CP0, CP50 and CP85, determined with 
CEMHYD3D NM and the BSE-images, are presented in Figure 5.9.  
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Figure 5.9: Change of the phase distributions of CP0, CP50 and CP85, determined 
with CEMHYD3D NM (flowing line) and the BSE-images (dots). 

As can be seen in Figure 5.9, the correspondence between both methods is 
acceptable and quite excellent for OPC paste. In most cases, larger differences can 
be detected for two phases: image analysis of BSE-images generally overestimates 
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the volume fraction of CSH and underestimates the volume fraction pores compared 
to the output of the computer simulations. First of all, this might be due to the 
difficult determination of the grey level threshold value between both phases. 
Secondly, the age indicated in the figures, is the time at which the pastes were 
immersed in methanol. Since part of the water content is probably not immediately 
replaced by methanol, the hydration process can possibly proceed for a short time. 
The effect of this will be more pronounced for young test specimens, as hydration 
proceeds more rapidly the first days after mixing. Thirdly, the source-code of 
CEMHYD3D was optimized by Robeyst to improve the simulations, particularly at 
young ages (3 days). Therefore, it is questionable whether long term predictions are 
precise enough. Moreover, the simulations for cement paste with a s/b ratio of 0.85 
stopped automatically after about 4.5 months, because of the lack of pore space. 
Based on the experimental test results, the author of this thesis holds the opinion that 
the source code to simulate hydration reactions of pastes containing (very) high 
amounts of BFS can still be improved. The correspondence between the 
experimental results and the output of the simulation is rather bad for these mixes, 
even the profile is not the same. 

5.2.2 Hydration degree 

The hydration degree can be determined based on BSE-images as the binder fraction 
which has reacted (Eq. (5.4)).  

binder  volumeinitial

binder reacted volume
α = ;  

OPC  volumeinitial

OPC reacted volume
αP = ;  

BFS  volumeinitial

BFS reacted volume
αS =  

(5.4)  

The experimental results are presented in Figure 5.10, together with the output of the 
computer simulation program CEMHYD3D NM. For OPC pastes, the experimental 
hydration degree at 2 days amounts to 54% and increases up to 74 % at 28 months. 
Since this value corresponds exactly with the ultimate hydration degree, calculated 
according to the formula of Mills for w/c = 0.5, the hydration reaction is (almost) 
ended after 2 years. Although the experimental and predicted hydration degrees 
correspond very well at young ages, CEMHYD3D NM predicts a much higher 
ultimate hydration degree (~ 90% instead of 74%). In the presence of slag, the 
experimental ultimate hydration degree of cement seems to be slightly more than 
90%. This confirms the enhanced cement hydration in the presence of BFS for 
which the contributing factors are summarized in section 5.3.  

The hydration degree of slag in paste is difficult to predict and depends on the curing 
conditions, test ages, w/b, c/s and the slag reactivity (Chen, 2006). At the age of 2 
days, the hydration degrees of cement and slag in CP50, calculated from the BSE-
images, are respectively 77% and 28%. Zhou (2006) mentioned hydration degrees of 
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respectively 51% and 10.4% after 1 day for pastes with the same w/b and s/b. Based 
on literature review, Chen (2006) assumed (as input parameter for models) a 
tentative ultimate degree of 70% for slag in blended cement paste. From experiments 
in the current research, a slag hydration degree of 72% for pastes containing 50% 
slag was found after 28 months. In the research of Lumley et al. (1996), the 
percentage of the slag reacting in pastes with w/b = 0.4 and s/b = 0.5 was about 60% 
after 2 years. The hydration degree predicted by CEMHYD3D NM is somewhat lower 
in the beginning, but reaches a higher ultimate value of about 85%.  

In case of 85% replacement of cement by slag, the hydration degrees of cement and 
slag after 2 days amount to 29% and 4% respectively, while Zhou (2006) reported 
values of 61.7% and 4.7% after even 1 day. In contrast to the hydration degree of 
slag in CP50, the ultimate value amounts to merely 39%. This does not correspond 
with the simulation model, but agrees with the findings of Chen (2006), stating that 
the effect of s/c on the slag reactivity is limited for low slag proportions and that the 
reactivity decreases significantly for s/b > 0.80. Lumley et al. (1996) support the 
statement that the extent of reaction is affected by the proportion of slag in the 
blend, even for lower replacement percentages. In their research, 45 – 75% of the 
slag reacts in 1 – 2 years for pastes with w/b = 0.4 – 0.6 and s/b = 0.3 – 0.6, while 
this percentage is merely ~ 30% for pastes with w/b = 0.3 and s/b = 0.92.  
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Figure 5.10: Hydration degree of cement and slag in CP0, CP50 and CP85, 
determined with CEMHYD3D NM (flowing line) and the BSE-images (dots). 

5.3 Calorimetry 

5.3.1 Isothermal calorimetry 

Within the scope of this thesis, dozens of isothermal calorimetric measurements 
were performed on cement pastes containing different amounts of BFS at 10°C, 
20°C and 35°C. In the following sections, only some curves of interest were selected 
and discussed. The heat production rate q and the cumulative heat production Q are 
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generally expressed by mass of the total binder (cement + slag), unless otherwise 
specified. 

5.3.1.1 Influence of the slag-to-binder ratio 

Figure 5.11 presents the change of the heat production rate q (J/(gbinder·h)) in time at 
20°C for the mixes in which an increasing percentage of OPC is replaced by BFS 
and for w/b ratios of 0.4 and 0.5. As can be seen, the presence of BFS influences the 
evolution of the heat production rate significantly. The first peak could not always 
be registered entirely since mixing took place outside the calorimeter and the second 
hydration peak corresponds with the hydration of C3S. Although the registered part 
of the first peak is shown in the heat production rate curves, this peak is omitted in 
the calculation of the cumulative heat production. Besides these two peaks, a third 
hydration peak can be distinguished for the mixes containing BFS. As generally 
accepted in many publications e.g. (Wu et al., 1983; Bland and Sharp, 1991; De 
Schutter and Taerwe, 1995; Bougara et al., 2010) this peak corresponds to the slag 
reaction. The hydration of slag initiates when the OPC hydration has liberated a 
sufficient amount of CH and the correct alkalinity is reached (Hewlett, 1998). 
Moreover, BFS seems to accelerate the OPC hydration as the second peak appears (a 
little bit) earlier with increasing BFS content (Figure 5.11 and see also Figure 5.18).  

Factors contributing towards the effect of BFS on the OPC hydration were 
summarized in Chapter 3, section 3.3.1 and some of them are discussed below: 

- Dilution effect: The effect of the w/c and w/b ratio on the isothermal heat 
production curves is discussed in section 5.3.1.3. The results indicate that 
the dilution effect (for w/c > 0.5) has no acceleration effect and other 
factors are more important in the presence of slag. 

- Heterogeneous nucleation: As mentioned in Chapter 3, section 3.3.1, BFS 
only possesses an accelerating influence when it has a very high specific 
surface. Nevertheless, a small accelerating effect on the C3S (specific 
surface = 380 m²/kg) hydration was noticed by Stark (2007) in the presence 
of BFS (specific surface = 468 m²/kg). In the research presented here, the 
fineness of the cement and slag are roughly equal (see section 2.1). 
Therefore, the contribution of heterogeneous nucleation towards the 
acceleration of the OPC reaction is probably limited. 

- Gypsum content: Based on the chemical composition of the cement (see 
section 2.1) and the formula of Bogue, the molar ratio n SO3/ n C3A can be 
calculated for the OPC paste and amounts to 1.3. Based on the numerical 
simulations - under adiabatic conditions - performed by D’Aloia and 
Chanvillard (2002), ettringite and monosulphate will probably be formed 
during OPC hydration. The experimental hydration curves indeed show a 
shoulder after about 50 – 60 hours which will probably correspond to 
monosulphate formation. If slag is added to the mix, the amount of SO3 
relative to the amount of clinker minerals increases (remark that part of the 
SO3 will also be involved in the slag reaction - besides the rapid initial 
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reaction, slag hydration is however limited during the first hours after 
mixing). From literature review it seems that the addition of CaSO4 
increases the rate of hydration of alite in cement (Taylor, 1997). According 
to Minard (2003) (cited by (Quennoz et al., 2010)), the alite reaction 
(corresponding to the second peak) is accelerated in the presence of 
sulphate when these ions are present in solution. A graph in (Quennoz et 
al., 2010), which presents the alite acceleration in function of the gypsum 
content, insinuates that the acceleration increases if the gypsum content 
increases, for cements which are not undersulphated.  
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Figure 5.11: Influence of the slag-to-binder ratio (0, 30, 50, 85, 95%) on the 
isothermal heat production rate (20°C). Left graph: w/b = 0.4 ↔ right graph: w/b = 
0.5. 

Since it is known that BFS has latent-hydraulic properties, BFS is blended with OPC 
to activate its reaction. Nevertheless, the heat production rate of pure BFS pastes 
(w/b = 0.4 and 0.5) was monitored under isothermal conditions (20°C) and the 
results are presented in Figure 5.12. When the slag particles (BFS (I), (II) and (III)) 
come into contact with water, a high and rapid first hydration peak can be observed. 
Subsequently, a period with low reactivity is noticed. This is probably due to quick 
formation of a protective layer (deficient in Ca2+) on the BFS particles which 
prevents further reaction (Taylor, 1997). Later on, the pastes made of BFS (I) or 
BFS (II) clearly show a second hydration peak. This is possible since slag is a latent-
hydraulic product and the slag reaction can be activated in the presence of SO3 
(Taylor, 1997) (1.65% in BFS(I) and 1.62% in BFS(II) and BFS(III)). The fact that 
BFS can be activated by sulphates was the basis of the development of 
supersulphated cements, which consists of BFS (70-90%), calcium sulphate (10-
20%) and an alkaline activator (<5%) (often Portland cement) (Juenger et al., 2010). 
In (Gruskovnjak et al., 2008), it is even mentioned that slag can react in the sole 
presence of gypsum.  
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Remark that the total heat production for pure BFS pastes is very small in 
comparison to that of OPC pastes and pastes in which part of the cement is replaced 
by BFS. Moreover, the BFS (III) pastes show no further reactivity within the 
measuring period. According to the supplier of the slag, the chemical composition of 
this slag slightly differed from that of BFS (I) and BFS (II), especially for the trace 
elements. Moreover, the C/S ratio (1.17, 1.25 and 1.13 for respectively BFS (I), BFS 
(II) and BFS (III)) and hydraulic modulus (C+A+M)/S (1.73, 1.74 and 1.60 for 
respectively BFS (I), BFS (II) and BFS (III)) were lower and gypsum was added to 
BFS (III) as setting regulator instead of anhydrite (BFS (I) and BFS (II)). Maybe, a 
difference in glass fraction of the slag could also be an influencing parameter, but 
this characteristic was only determined for BFS (II) (see section 2.1.2.1). The 
fineness was about the same for each of the BFS batches (394 – 400 m²/kg). 
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Figure 5.12: Isothermal heat production curves (20°C) for pure BFS pastes. 

As can be seen in Figure 5.13, the cumulative heat production decreases for pastes 
with increasing BFS content. However, this does not necessarily mean that the total 
heat production at time ‘infinity’ for pastes with BFS is considerably lower than for 
OPC pastes. As will be mentioned in section 5.3.1.3, the estimated values of Q∞ for 
pastes CP0, CP30, CP50 and CP85 (OPC(I), BFS(I)) are respectively 425, 414, 395 
and 271 J/g. Only for replacement levels higher than 50%, the total heat production 
decreases considerably compared to that of OPC pastes. 
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Figure 5.13: Effect of the s/b ratio on the cumulative heat production at early ages. 

5.3.1.2 Influence of the chemical composition of OPC and BFS 

The influence of the chemical composition and physical characteristics of OPC on 
the hydration of pastes containing different amounts of BFS is investigated. In 
Figure 5.14, BFS is combined with HSR (high sulphate resisting) cement (remark 
that this combination does not comply to the requirements of NBN EN 15167-1/2 
(2007): only OPC with a C3A content between 6 and 12% is allowed). Since the 
molar ratio of SO3 to C3A is high (> 3) for HSR cement, no conversion reaction of 
ettringite to monosulphate and consequently no corresponding hydration peak is 
expected in OPC paste (D'Aloia and Chanvillard, 2002). However, the combination 
of HSR cement with BFS still yields a third hydration peak which is clearly visible 
in case of high cement replacement percentages. This peak can thus be attributed to 
the presence of BFS.   
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Figure 5.14: Isothermal heat production curves of high sulphate resisting cement 
combined with BFS(I) and BFS(III). 
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Figure 5.15 clearly shows that the combination cement-slag has an influence on the 
heat production rate of pastes. For both measurement series, BFS (III) was applied, 
but it was combined with another OPC (OPC (III) ↔ OPC (IV)). For CP30 and 
CP50 (OPC (III), BFS (III)), four distinct hydration peaks (of which the third is less 
pronounced) can be distinguished, while for the corresponding pastes made of OPC 
(IV) and BFS (III), only three peaks are visible. The time at which the last hydration 
peak of the combination OPC (IV) – BFS (III) occurs, corresponds with the third 
peak in the combination OPC (III) – BFS (III). It is also possible that peaks coincide 
for the mixtures with OPC (IV) and BFS (III). Probably, a continuous XRD 
measurement can clarify the reaction mechanisms corresponding to the different 
peaks. Unfortunately, this technique was not applied. Three XRD measurements 
were however executed for CP50 (OPC (IV), BFS (III)) after respectively 18 hours 
(just before the third peak), 30 hours (just after the third peak) and 3 weeks 
hydration (Figure 5.16). The test results clearly show that no monosulphate is 
available (or its content must be below the detection limit). Ettringite was available 
and although no quantitative XRD was performed it seems that the amount increases 
as hydration of cement and slag proceeds. Between 18 hours and 30 hours a slight 
increase was noticed (however not significant), but between 18 hours and 3 weeks 
the amount increased clearly. Furthermore, a clear reduction of the C3S content and 
an increase of the CH-content was recorded. 

Although the characteristics of OPC have a remarkable influence for pastes with s/b 
ratios of 0.3 and 0.5, the effect is limited for pastes containing high amounts of BFS 
(CP85). Because of the low percentage of cement, the hydration of slag mainly 
contributes to the heat production (see section 5.3.1.4).   
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Figure 5.15: Influence of the cement composition ((OPC(III) ↔ OPC(IV)) on the 
isothermal heat production rate of CP0, CP30, CP50 and CP85 (20°C).  
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Figure 5.16: XRD-analysis of CP50 after 18 hours, 30 hours and 3 weeks of 
hydration. 

In Figure 5.17, the heat production rate curves of pastes containing four different 
slags are presented. Because BFS (I), (II) and (III) were respectively combined with 
OPC (I), (II) and (III), it is difficult to distinguish the separate effect of the 
composition of OPC and BFS on the heat production rates of the pastes. Moreover, 
repeated measurements on pastes made of OPC and BFS from the same batch also 
show some variation. BFS (I), (II) and (III) were provided by the same 
manufacturer, BFS (IV) came from another factory and showed a lower SO3 content. 
However, slight differences between BFS (I), (II) and (III) could also be detected. 
According to the manufacturer, gypsum was added to BFS (III) as sulphate source 
(instead of anhydrite (for BFS (I) and BFS (II)) and the C/S ratio of the oxides was 
lower for BFS (III). Moreover, the composition was slightly different with regard to 
the presence of trace elements. The glass fraction, which can also play an important 
role, was however not determined for each of the batches BFS. 
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Figure 5.17: Influence of the chemical composition of BFS on the isothermal 
calorimetric measurements (20°C). 

5.3.1.3 Influence of the w/c and w/b  ratio 

As mentioned above, an enhanced OPC hydration could be noticed at early ages in 
the presence of BFS. In Figure 5.18, the heat production rate is expressed in 
J/gcementh to show this effect more clearly. 
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Figure 5.18: Isothermal heat production curves (expressed in J/gcement h) for pastes 
containing different amounts of BFS. 

To investigate the importance of the dilution effect on these findings, isothermal 
calorimetric measurements were performed on cement as well as slag-cement pastes 
(OPC (III) and BFS (III)) with w/c equal to 0.5, 0.7, 1 and 3.3. These values 
correspond with the w/c ratios in pastes for which s/b is respectively 0, 0.3, 0.5 and 
0.85 and w/b is constant (= 0.5). However, during hydration of the blended cements, 
part of the water adsorbs to the slag grains and takes part in the slag hydration 
reactions. As the slag reaction is still limited during the first hours, the amount of 
water available per gram of cement is merely somewhat lower than the theoretical 
w/c ratio.  

The hydration curves (expressed in J/gcement h) obtained from this experiment, can be 
found in Figure 5.19. As can be seen, with increasing w/c ratio the second hydration 
peaks of the cement pastes decrease and appear slightly later (indicated by the red 
arrow on the graph). However, the pastes containing BFS show an acceleration of 
the C3S hydration in comparison to their corresponding cement pastes with the same 
w/c and the reference paste. Moreover, the accelerating effect increases with 
increasing BFS content. In contrast to the measurements presented in Figure 5.18, 
the maximum heat production rates for pastes containing slag are lower or equal to 
the maximum of the reference paste (in J/gcement h). Based on the test results obtained 
here, the dilution effect (for w/c > 0.5) is not responsible for the acceleration effect 
and other factors are more important in the presence of slag. 
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Figure 5.19: Effect of the w/c ratio and the presence of BFS on the cement 
hydration (20°C). 

The w/c ratios applied to the pure cement pastes in Figure 5.19 are rather 
unrealistically high (w/c = 0.7, 1 and 3.3). Therefore, the heat production rates of 
cement pastes with more realistic w/c ratios (0.4 versus 0.5) are compared in Figure 
5.20 (black and grey curves). Now, the results correspond to the findings of Baert 
(2009) who described an increase of the accumulated heat, the total heat production 
and the (ultimate) hydration degree with higher w/c ratios.  

- For cement pastes made of OPC(I), the cumulative heat production after 7 
days amounts to 316 – 320 J/g and 340 – 349 J/g for w/c ratios of 
respectively 0.4 and 0.5. However, it must be remarked that the first 
hydration peak was not considered in the calculation of the total heat. This 
peak could not be registered entirely since mixing occurred outside the 
calorimeter. Moreover, this peak only amounts to a few percent of the total 
heat liberated (De Schutter, 1999).  

- The heat released at time ‘infinity’ was obtained by extrapolating the 
isothermal cumulative heat production curves (Eq. (5.5)). The results for 
Q∞ of CP0 (0.4) and CP0 are respectively 363 – 371 J/g and 415 – 434 J/g. 



















−⋅= ∞

a

t
τ

expQQ  (5.5) 

- Calculation of the potential total heat release of OPC (I), based on the 
enthalpy values of the clinker minerals described in Bentz (1995), yields a 
value of 505 J/g. However, it must be said that this value is quite high in 
comparison to the values obtained by using enthalpies mentioned in other 
publications (see Table 3.1) (440 J/g based on (Taerwe, 1997), 475 J/g 
based on (Meinhard and Lackner, 2008), 374 – 512 J/g based on (Taylor, 
1997) depending on the C3A reactions).   



 

120 Chapter 5 

 

- The ultimate hydration degree, defined as the ratio of the cumulative heat 
release at time ‘infinity’ Q∞ to the potential total heat release (505 J/g) of 
the cement, is equal to 0.72 – 0.73, respectively 0.82 – 0.85 for pastes with 
w/c ratios of respectively 0.4 and 0.5. These values are slightly higher than 
the values obtained by the formula of Mills (0.69 for w/c = 0.4; 0.74 for 
w/c = 0.5). Taking into account the variation on the enthalpies of clinker 
minerals which can be found in literature (see section 3.3) and the 
extrapolation of cumulative heat production curves measured for 7 days to 
time ‘infinity’, the correspondence is quite good. 
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Figure 5.20: Effect of w/b ratio (0.4 ↔ 0.5) on the cement hydration (20°C) 
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The effect of the w/b ratio on the heat production rate of pastes containing BFS is 
similar to that of w/c on OPC pastes. The heat production rate and cumulative heat 
production is somewhat lower for w/c ratios of 0.4 instead of 0.5. An overview of 
the estimated values of Q∞ is given in Table 5.4. Although no simple formulas exist 
to calculate the potential heat release of the blends (CP30, CP50 and CP85) based on 
their chemical composition, it can be concluded from these measurements that the 
ultimate hydration degree of pastes containing BFS is higher for w/b ratios of 0.5 
compared to 0.4.  

Table 5.4: Estimated mean values of Q∞ (J/g) based on the isothermal cumulative 
heat production curves (20°C). n is the number of repetitions, σ is the standard 
deviation. 

w/b 
 

CP30 CP50 CP85 
0.4 384 383 221 

 (n = 3; σ = 7.5) (n = 3; σ = 12.8) (n = 3; σ = 3.2) 
0.5 414 395 271 

 (n = 2; σ = 9.6) (n = 1; σ = /) (n = 2; σ = 24.4) 

5.3.1.4 Separation of the OPC and BFS reaction  

In order to estimate the reaction degrees and activation energies of the cement and 
slag separately, a quite simple separation method is applied. This method is maybe 
not completely impeccable, but it gives an estimate of the heat production associated 
with the cement and slag reaction. 

The separation of the OPC and BFS reaction was based on the cumulative heat 
production curve, as also proposed by Meinhard and Lackner (2008). To illustrate 
this method, the separation of pastes containing OPC(I) and BFS(I) is presented in 
Figure 5.21. For each paste, the part of the heat production originating from the slag 
reaction was calculated as the difference between the measured total heat production 
and the heat production of the reference mixture multiplied by the c/b ratio. Since 
this rescaled curve did not reach the values of the measured curve during the first 
hours when the slag hydration is still negligible and the OPC hydration was 
enhanced in presence of BFS, the scaling factors were increased in order to obtain a 
better fit. For pastes containing OPC(I) and BFS(I), the applied factors were 0.78, 
0.58 and 0.22 instead of 0.70, 0.50 and 0.15 for CP30, CP50 and CP85 respectively.  
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Figure 5.21: Separation of the OPC and BFS reaction, based on the isothermal total 
heat production curves. 

Figure 5.17 and Figure 5.21 show that the hydration curves of paste containing high 
amounts of slag (85%) differ from the others: the most dominant reaction is the slag 
hydration causing a larger heat production rate than the OPC reaction. Consequently, 
the second increase in the cumulative heat production curve is steeper than the initial 
increase.  

5.3.1.5 Influence of the temperature  

As can be deduced from Figure 5.21 and Figure 5.22, higher curing temperatures 
accelerate the hydration of both binders, causing larger hydration peaks appearing 
earlier. Moreover, as can be seen in Figure 5.21, the time at which the slag hydration 
starts mainly depends on the environmental temperature and not on the cement 
replacement percentage. The higher the ambient temperature, the earlier the slag 
reaction initiates. For the combination of OPC(I) and BFS(I), the slag reaction starts 
at about 34, 22 and 9.5 h respectively for tests performed at 10°C, 20°C and 35°C. 
Contrary to the model proposed by De Schutter and Taerwe (1995), where the slag 
hydration lasts a few hours, an ongoing slag reaction, also at later ages, is assumed 
here. Neville (1995) also recorded a continuing reaction of BFS over a long period. 
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Figure 5.22: Influence of the temperature on the isothermal calorimetric 
measurements. 

The effect of the temperature on the ultimate hydration degree of cement and slag is 
not entirely known. Some data indicate that the ultimate hydration degree increases 
at higher temperatures, while other data claim the opposite or suggest that the 
temperature has no impact (Soroka, 1993). Pane and Hansen (2005) refer to several 
studies which mention that the hydration degree initially develops faster at higher 
temperatures, but the ultimate values are lower. To investigate this effect, the 
isothermal cumulative heat production curves were extrapolated based on a three 
parameter equation (TPE) (Eq. (5.5)). This allows to determine the heat released at 
time ‘infinity’.  

As an example, isothermal (10°C, 20°C and 35°C) cumulative heat production 
curves (CP0, CP30, CP50 and CP85 (OPC (I) and BFS (I))) are presented in Figure 
5.23 together with the best fitted TPE. As can be seen, the correspondence between 
the TPE and the experimental curves is the best for the measurements performed at 
35°C. At 20°C and 10°C, the shape of the TPE equation is (slightly) different from 
that of the measured curves and the derivative of the TPE is (slightly) lower than the 
derivative of the experimental curves at the end of the measurements, probably 
leading to an underestimation of the value of Q∞. This effect is especially noticed for 
the measurements performed at 10°C and the pastes containing no or low 
percentages of BFS.  
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Figure 5.23: Extrapolation of the cumulative heat production curves of pastes 
containing OPC(I) and BFS (I) by the three parameter equation. 

In Figure 5.24, the estimated values of Q∞ are presented as a function of the 
temperature, s/b and w/b. As can be seen, Q∞ clearly decreases with increasing 
temperature for CP85 and CP85 (0.4). For the other pastes, a slight decrease of Q∞ 
can also be noticed between temperatures of 20°C and 35°C. Since the values at 
20°C and 10°C are (slightly) underestimated, as mentioned above, the inverse effect 
of the temperature on Q∞ is probably valid for all pastes containing different 
amounts of BFS. 
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Figure 5.24: Effect of the temperature on the total heat production Q∞; n is the 
number of repetitions. 

5.3.1.6 Activation energy 

The Arrhenius law given by Eq. (5.6) is a well-established function to describe the 
effect of the temperature θ (in °C) on the reaction rate. 
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In this equation, EP and ES (kJ/mol) are the apparent activation energies for 
respectively the OPC and BFS reaction and R is the universal gas constant with a 
value of 0.00831 kJ/(mol·K). qP,max,θ and qS,max,θ  are respectively the maxima of the 
OPC and BFS heat production rate curves at temperature θ, obtained after separation 
(see section 5.3.1.4). Since isothermal calorimetric measurements were performed at 
three different temperatures (10°C, 20°C and 35°C), the apparent activation energies 
could be determined by non-linear regression analysis.  

Results obtained for pastes made of OPC (I) and BFS (I) with a w/b ratio equal to 
0.5 are described. The apparent activation energies of OPC(I) and BFS(I) are shown 
in Figure 5.25.  
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Figure 5.25: Experimental determination of the apparent activation energy of OPC 
(left) and BFS (right). 

A linear relationship was found between the c/b ratio and the activation energies as 
presented by Eq. (5.7) and (5.8). While EP seems to increase with increasing BFS 
content, ES seems to decrease. 

( ) 39.416c/b8.72EP +⋅−=  (5.7) 

( ) 32.506c/b26.38ES +⋅=  (5.8) 

In Figure 5.26, the values of qP,max,20°C and qS,max,20°C are presented in function of c/b, 
respectively s/b.  
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Figure 5.26: Relation between qP,max,20 and c/b (above) and qS,max,20 and s/b (below).  

A quite good linear relationship could be deduced between qP,max,20°C and the c/b 
ratio (Eq. (5.9)) and between qS,max,20°C and the s/b ratio (Eq. (5.10)) (grey regression 
curves in Figure 5.26).  

( )c/b11.965q Cmax,20P, ⋅=°  (5.9)  

( )s/b3.880q Cmax,20S, ⋅=°  (5.10) 

Since these formulas imply that s/b has no effect on the value of qP,max,20°C expressed 
in J/(gcement·h) (11.965) and qS,max,20°C expressed in J/(gslag·h) (3.880) and the results 
presented earlier in this work indicate that slag has an enhanced effect on the cement 
hydration while the slag reactivity decreases in mixes containing high amounts of 
slag, these graphs were examined more in detail.  

- The red curve which connects qP,max,20°C of CP0 with the origin shows 
indeed that the values of qP,max,20°C for CP30, CP50 and CP85 are slightly 
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higher than c/b × qP,max,20°C (CP0). The effect of c/b on qP,max,20°C is however 
limited. 

- The red curve which connects qS,max,20°C of CP30 with the origin shows 
indeed that the values of qS,max,20°C for CP50 and CP85 are slightly lower 
than s/b × qS,max,20°C (CP30) / 0.3. The effect of s/b on qs,max,20°C is very 
small for replacement percentages lower than 50%, but increases for higher 
cement replacement percentages (85%). 

From these results it seems that the effect of c/b or s/b on the maximum values of 
qP,20°C and qS,20°C is rather limited. 

5.3.1.7 Reaction degree 

As already mentioned in section 3.4.4, the overall reaction degree, r, can be easily 
calculated according to formula (5.11). 

∞
=

Q

Q(t)
r  (5.11) 

For mixes with cement replacement by BFS, section 5.3.1.4 explains the separation 
of the total heat in two parts, one due to the OPC hydration and the other due to the 
BFS reaction. This allows to define distinct reaction degrees for the cement and slag 
hydration (Eq. (5.12)). The value of Q∞ for CP0 was multiplied by the relevant 
modified scaling factor, applied in the separation procedure (see section 5.3.1.4), to 
obtain QOPC,∞. QBFS,∞ was calculated as the difference between Q∞ and  QOPC,∞ of the 
same mixture (CP30, CP50 or CP85). The obtained values of Q∞, QOPC,∞ and QBFS,∞ 
are tabulated in Table 5.5. In order to see the effect of the modification of the scaling 
factors, the values of Q∞(CP0) × c/b are also reported. 

∞
=

 OPC,

OPC
P Q

Q
r ;                   

∞
=

 BFS,

BFS
S Q

Q
r  (5.12) 

Table 5.5: Values of the cumulative heat production (J/gbinder) at time ‘infinity’ for 
the complete, OPC and BFS reaction. 

 CP0 CP30 CP50 CP85 
Q∞ 434 407 395 243 

Q∞(CP0) × c/b 434 304 217 65 
QOPC,∞ 434 339 252 95 
QBFS,∞ - 69 143 147 

The evolution of the reaction degrees in function of time is presented in Figure 5.27. 
Because CP0 only contains OPC as binder, r and rP are equal. For the mixes 
containing BFS, the overall reaction degree decreases with increasing BFS, except 
for CP85, which surpasses the curve of CP50 after 2 – 3 days. The reaction degree 
after 7 days amounts to 0.80, 0.76, 0.68, and 0.73 respectively for CP0, CP30, CP50 
and CP85. Furthermore, as can be seen in Figure 5.27, the values of rP coincide for 
all mixes and amount to 0.80 at 7 days. Because of the separation method, this is not 
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surprising. The slag reaction degree of CP30 is higher than for CP50. At 7 days, a 
value of 0.55, 0.45 and 0.68 is yielded for CP30, CP50 and CP85 respectively. The 
evolution of rs of CP85 shows a rapid increase during the first days after mixing, but 
as mentioned in section 5.3.1.4, the separation and consequently the reaction degrees 
of CP85 could less unambiguously be determined for this mix. 
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Figure 5.27: Overall reaction degree r of the binder, reaction degree rP of OPC (I) 
and the reaction degree rS of BFS (I), in pastes with w/b = 0.5. 

5.3.2 Semi-adiabatic calorimetry 

The heat production rate q in function of time, determined under semi-adiabatic 
conditions, is presented in Figure 5.28 for the concrete mixes and in Figure 5.29 for 
mortar mixes. As with the isothermal calorimetric measurements, the first hydration 
peak could not be measured entirely and is therefore not shown in Figure 5.28 and 
Figure 5.29.  

0

5

10

15

20

25

30

35

40

0 10 20 30 40
Age (hours)

H
ea

t 
p

ro
d

u
ct

io
n

 r
a

te
 q

 (
J/

g
h

)

15

20

25

30

35

40

45

50

55

T
e

m
p

e
ra

tu
re

 (
°C

)

q S0 (OPC(I), BFS(I)) q S30 (OPC(I), BFS(I))
q S50 (OPC(I), BFS(I)) q S70 (OPC(I), BFS(I))
q S85 (OPC(I), BFS(I)) Temperature  S0
Temperature S30 Temperature S50
Temperature S70 Temperature S85

 
Figure 5.28: Heat production rate and temperature evolution under semi-adiabatic 
conditions for concrete containing different amounts of BFS  
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Figure 5.29: Heat production rate and temperature evolution under semi-adiabatic 
conditions for mortar containing different amounts of BFS. 

In comparison to the isothermal heat production curves at 10°C, 20°C and 35°C, the 
heat production rate is higher, especially for the mixes with high cement contents. 
The temperature reached during hydration increases with decreasing BFS content 
and higher temperatures accelerate the cement hydration and slag reaction. An 
overview of the maximum temperatures, registered during the semi-adiabatic 
measurements on mortar and concrete samples is given in Table 5.6. For mortar 
samples made of OPC (I) and BFS (I) with c/b ratios of 0.15 to 1, the maximum 
temperature ranges from 33°C to 55°C. In general, the temperature rise in the 
corresponding concrete samples is lower (about 17%, except for S85). This is due to 
the heat capacity of the coarse aggregates present in the concrete mixes. 
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Table 5.6: Maximum temperature (°C) of the hydrating mortar / concrete samples 
under semi-adiabatic conditions. 
Max. temperature M0 M15 M30 M50 M70 M85 
OPC (I) + BFS (I) 55 52 48 42 37 33 

OPC (II) + BFS (II) 55 - 48 44 38 - 
OPC(IV) + BFS(III) 53 - - 39 33 29 

 S0 S15 S30 S50 S70 S85 
OPC (I) + BFS (I) 45 - 39 35 32 32 

In Table 5.7 the cumulative heat production of mortar mixes containing different 
amounts of BFS after 14 days hydration under semi-adiabatic conditions is 
compared to the estimated values of Q∞ determined under isothermal conditions 
(20°C) by extrapolating the measured values on pastes to infinity. The values 
indicate that the hydration degree of the binder after 14 days hydration is slightly 
lower than the ultimate hydration degree obtained after curing at 20°C. Moreover, 
the cumulative heat after 14 days decreases considerably for replacement 
percentages higher than 30%. 

Table 5.7: Total heat of hydration (J/g) after 14 days under semi-adiabatic 
conditions (Q14d) (measured on mortar samples), compared to the total heat Q∞, 
determined under isothermal conditions (at 20°C) (measured on pastes). 

s/b 0 0.15 0.30 0.50 0.70 0.85 
Q14d 411 411 400 363 308 253 
Q∞ 424 - 414 395 - 271 

5.3.3 Adiabatic calorimetry 

The heat production associated with the hydration of cement and slag in massive 
concrete structures is simulated by adiabatic calorimetric measurements. In Figure 
5.30, the heat production rate and the cumulative heat production under adiabatic 
conditions of concrete containing different percentages of BFS is presented.  
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Figure 5.30: Heat production rate and temperature evolution (a) and cumulative 
heat production (b) in function of concrete age under adiabatic conditions. 

Limited heat losses are recorded with the adiabatic test setup, as can be seen in 
Figure 5.30 (b). The cumulative heat production curves slightly decrease, indicating 
that the insulation is not perfect. Nevertheless, it is clear that the heat production 
decreases for concrete with increasing cement replacement levels. Since the risk on 
early age crack formation is reduced for these mixes, BFS concrete has been found 
suitable to be applied in massive structures. 

A comparison between the adiabatic and semi-adiabatic measurements on concrete 
is presented in Figure 5.31.  
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Figure 5.31: Heat production rate (a) and cumulative heat production (b) in function 
of the equivalent age at 20°C of concrete containing 0% to 85% of BFS under 
adiabatic and semi-adiabatic conditions. 

Since the temperature rise of a hydrating concrete sample is higher under adiabatic 
than semi-adiabatic conditions, the heat production rate q20°C is presented in function 
of equivalent concrete age (at 20°C). The variables q20°C and teq (20°C) were calculated 
with the maturity function according to the Arrhenius law. The value of the 
activation energy was set to 33.5 kJ/mol (Robeyst, 2009). The difference between 
the activation energy of BFS and OPC was not taken into account because of the 
difficulties in separating the slag and cement reaction, especially in (semi)-adiabatic 
conditions. Moreover, the start of the cumulative heat production under semi-
adiabatic conditions was corrected in correspondence with the adiabatic 
measurements, starting only 40 minutes after water addition. As can be seen, the 
correspondence between both methods seems to be good, considering the existing 
variation between experimental curves of the same mix. The cumulative heat 
production Q20°C under adiabatic conditions generally seems to be lower than under 
semi-adiabatic conditions. Possible reasons could be: (i) the limited heat losses 
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noticed in case of the adiabatic test setup and (ii) the effect of the temperature on the 
(ultimate) hydration degree of cement and slag. 

5.4 Ultrasonic measurements 

As explained in the PhD thesis of Robeyst (2009), compression waves can be used 
in non-destructive test methods to monitor mortar/concrete setting. In the following 
sections, the change of the ultrasonic velocities in time v(t) for mortar and concrete 
mixtures containing different amounts of BFS are presented. This work was 
performed in collaboration with Nicolas Robeyst, whose PhD was titled ‘Monitoring 
Setting and Microstructure Development in Fresh Concrete with the Ultrasonic 
Through-Transmission Method’ (Robeyst, 2009). As proposed by Robeyst, the 
experimental curves were smoothed by mathematical modelling using multi-logistic 
functions (Robeyst et al., 2008). These functions typically describe an S-shape 
function (Eq. (5.13)).  

∑ +
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(5.13) 

In Eq. (5.13), two or more logistic functions are superposed. They are each 
characterized by a different slope (determined by gi), an asymptotic value vi and a 
point of inflection ti. 

5.4.1 Setting of mortar and concrete containing BFS 

In this section, the evolution of the P-wave velocity in function of time for mortar 
and concrete containing (high) amounts of BFS is discussed. Besides the mixtures in 
which the slag was added as a separate component, also blended cements, in which 
the cement and slag were already mixed in the cement factory, were investigated. 
The results obtained for the mortar mixtures are presented in Figure 5.32. In general, 
three important stages can be distinguished in these figures:  

(1) Dormant period: During the dormant period, the P-wave velocity is quasi 
constant. However, at that time, the signal attenuation is large compared to that of 
the more hardened material, and the determination of the signal onset time and 
consequently the P-wave velocity is less accurate. Robeyst (2009) mentions that the 
repeatability error amounts to 10% at early ages while it becomes 1% at later ages. 

(2) Acceleration period: After the dormant period, the P-wave velocity increases 
rapidly and the stiffness of the mortar develops. As can be seen, the P-wave velocity 
is lower for mixes containing high amounts of BFS (> 50%) and consequently the 
stiffness develops slower. For these mixes, the initial increase in P-wave velocity is 
mainly due to the hydration of OPC since BFS only starts to react when the correct 
alkalinity is reached. Moreover, at early ages, the presence of BFS decelerates the 
temperature rise and increases the distance between the cement particles (Robeyst, 
2009). For the blended cement with strength class 32.5, the statement as mentioned 
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above, is not completely correct. The P-wave velocity of CEM III/C is initially 
higher than that of CEM III/A. According to Robeyst (2009), this might be due to 
the difference in chemical composition and Blaine fineness of both cements. CEM 
III/C 32.5 contains more chlorides (which act as accelerating agent), less gypsum 
(leading to a slower hydration at the beginning) and a higher Blaine fineness (see 
section 2.1.3). 

(3) Period with a slow(er) increase in velocity: The increase in P-wave velocity 
levels off after the acceleration period. The P-wave velocity of mortars with low 
cement replacement percentages now also deviates from the P-wave velocity of the 
reference mortars. The slag reaction is initiated during this stage and the formed slag 
hydration products also start to coagulate and stimulate the setting process that was 
already started with the coagulation of cement hydration products. However, since 
BFS hydrates slower than OPC, the stiffness of mortars containing BFS becomes 
(for low s/b) or remains (for high s/b) lower. Especially for mortars with s/b ratio of 
at least 80% (M85 and M (CEM III/C 32.5)), a second steep increase, which can be 
attributed to the hydration of slag particles, can be noticed in Figure 5.32.  
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Figure 5.32: Evolution of the P-wave velocity in function of mortar age (left: slag 
added as a separate component to the mix, right: blended cements). 

In Figure 5.33, the evolution of the P-wave velocity in function of time is presented 
for the concrete mixes. In comparison to the results obtained for mortar mixes 
(Figure 5.32), it can be concluded that the P-wave velocity of concrete and mortar is 
about the same during the first hours (~ 5 hours) after mixing. At that time, setting 
has not yet occurred and the influence of coarse aggregates is rather small (Lee et 
al., 2004). However, from then onwards, the P-wave velocity of concrete still 
increases rapidly, while the increase in P-wave velocity of mortars already starts to 
slow down.  
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Figure 5.33: Evolution of the P-wave velocity in function of concrete age (left: slag 
added as a separate component to the concrete mix, right: blended cements). 

In general, the same conclusions as drawn for the mortar mixes are valid for the 
concrete mixes. The only difference which can be noticed is that the P-wave 
velocities of S0 and S15, S30 do not differ significantly from each other (~ 1.7%), 
while M0 and M15 deviate from each other after about 7 hours.  

5.4.2 Comparison with penetration resistance tests 

Penetration resistance tests are the more traditional methods to investigate the setting 
behaviour of cement paste (Vicat needle, EN 196-3 (2005)) or mortar (proctor 
needle, ASTM C403). Figure 5.34 compares the ultrasonic measurements performed 
on concrete (S0, S50, S70 and S85) and the penetration resistance tests performed on 
the equivalent mortar mixtures calculated with the MBE method (Schwartzentruber 
and Catherine, 2000). The inflection point of the velocity curve and the initial and 
final setting times, respectively corresponding with a penetration resistance of 3.5 
and 27.6 MPa, are indicated in the figures. From these measurement amongst other 
things, Robeyst (2009) concluded that (1) the start of the increase in penetration 
resistance corresponds with the inflection point of the velocity curve, (2) the initial 
set as defined by ASTM C403 occurs later and (3) the final set corresponds with the 
start of the gradual increase in velocity (time at which dv/dt = 0.2·(dv/dt)max). 
Moreover, it must be remarked that the ultrasonic P-wave velocity increases earlier 
than the penetration resistance. According to Robeyst (2009), this is due to the fact 
that the P-wave velocity is related to the bulk modulus and not to the shear modulus. 
The bulk modulus increases when the structure becomes denser, also due to other 
factors than setting (e.g. internal settling, …), while the shear modulus and 
consequently the penetration resistance only develops when cement particles are 
connected. More details about this can be found in the PhD thesis of Robeyst (2009).  
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Figure 5.34: Comparison between the P-wave velocity (black curve) of concrete 
and the penetration resistance (grey curve) of MBE mixtures. The inflection point of 
the velocity curve and the initial and final set determined according to ASTM C403 
are indicated. 

The initial and final setting times obtained by the different test methods are 
summarized in Table 5.8 for mixes containing different amounts of BFS. The setting 
times were determined according to the corresponding standards (ASTM C403 and 
EN 196-3) and the recommendations of Robeyst (2009) on cement paste (Vicat 
needle), concrete (ultrasonic measurements) and equivalent mortar mixtures (Proctor 
needle).  
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Table 5.8: Initial and final setting times (hh:mm) of mixtures containing different 
amounts of BFS. 

 S0 S50 S70 S85 
Proctor needle 

(MBE) 
 

  
 

Initial set 5:40 6:21 7:54 8:48 
Final set 8:07 8:42 13:06 18:39 

Velocity (concrete)     
Initial set 4:28 4:48 4:53 4:58 
Final set 7:32 9:38 10:00 14:15 
CEM I 42.5 III/A 42.5 III/B 42.5 III/A 32.5 III/C 32.5 

Proctor needle 
(MBE) 

 
 

  
 

Initial set 6:21 6:10 8:26 8:43 7:10 
Final set 8:49 8:50 13:16 14:18 11:55 

Velocity (concrete)      
Initial set 4:49 4:48 5:42 6:13 4:17 
Final set 8:18 8:56 12:46 13:42 12:50 

Vicat needle (CP)      
Initial set 4:26 4:42 6:16 5:49 4:30 
Final set 5:37 6:30 8:03 7:24 5:14 

As can be concluded from the figures in Table 5.8, BFS retards the setting. 
CEMIII/C 32.5 is an exception and possible reasons for this are already explained in 
section 5.4.1. 

Initial set: For mixtures with increasing s/b ratios, the initial setting occurs later and, 
as a consequence, BFS concrete has a longer workability time. The values obtained 
from the ultrasonic measurements and Vicat needle tests correspond quite well, 
indicating that the presence of aggregates has no remarkable influence on the initial 
set. The values, deduced from the Proctor needle test method are higher. This was 
expected since they correspond to a penetration resistance of 3.5 MPa, while the 
initial set determined by ultrasonic velocity measurements corresponds with the start 
of the penetration resistance development.   

Final set: As already mentioned in section 5.4.1, the stiffness of mixtures containing 
(high) amounts of BFS develops slower. As a consequence, the final setting times 
occur later and the formwork should be removed later. As an example, concrete 
cubes, cast in the Magnel Laboratory for Concrete Research containing 70 or 85% of 
BFS, could not be easily demoulded after 24 hours without damaging the structure. 
As can be seen in Table 5.8, the final setting time of S85 is more than doubled 
compared to that of the reference concrete. Moreover, the second steep increase, 
noticed on the P-wave velocity curves of S85, could not be recorded with 
penetration resistance tests. 
Comparison between the different methods shows that the final set determined with 
the Proctor needle and the FreshCon system are similar. This is not surprising since 
the criteria to determine the final set from the ultrasonic velocity curves were based 
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on penetration resistance tests according to ASTM C403 (Robeyst, 2009). In 
contrast to the conclusions drawn for the initial setting time, the presence of 
aggregates and sand has an influence on the final setting time. The time to reach the 
final setting is prolonged for concrete in comparison to cement paste. 

5.5 Discussion 

5.5.1 Estimation of the water bound to slag hydration products 

The amount of water bound to the hydration products of CP0, CP50 and CP85 at 
time ‘infinity’ is estimated in section 5.1.1. For pastes containing only OPC as 
binder, the value of wb,∞ amounts to 22.1 g/100 g binder. However, investigation of 
the hydration degree of similar pastes by BSE image analysis yields a value of 74% 
at about 2 years. This indicates that the amount of water bound in the hydration 
products of fully hydrated cement is still higher (29.8 g/100 g reacting cement). 
Analogously, values of 26.9 g/100 g reacting binder for CP50 and 24.3 g/100g 
reacting binder for CP85 are obtained. Duchesne and Bérubé (1995) mention values 
of 32% for the chemically bound water referred to the ignited weight in fully 
hydrated OPC pastes with w/c = 0.5. Moreover, the outcome of research performed 
by Hinrichs and Odler (1989) (cited in (Taylor, 1997)) gives bound water contents 
of 27% and 22 – 24% for respectively plain Portland cements and blends containing 
70% of slag.  

Assuming that cement hydration products contain the same amount of bound water 
in pure and blended cement and taking the hydration degree of cement and slag in 
blended pastes (αP = 94%, αS = 72% for CP50 and αP = 91% and αS = 39%) into 
account, the amount of water bound to the slag hydration products can be estimated. 
This yields values of 8.4 g/100 g binder or 23.2 g/100 g reacting slag for CP50 and 
7.4 g/100 g binder or 22.1 g/100 g reacting slag for CP85. These findings 
correspond quite well with the assumptions of Duchesne and Bérubé (1995). They 
estimate the chemically bound water content in hydrates of supplementary 
cementing materials, relative to the anhydrous material (condensed silica fume, 
pulverized fly ash and ground granulated blast-furnace slag) at 23%, based on results 
described in the book of Taylor (1990). 

According to this line of reasoning, it can be concluded that less water is bound in 
slag/blended hydration products than in the OPC hydration products. 

5.5.2 Estimation of the heat production associated with the slag 
reaction 

In section 5.3.1.7, the values of QOPC,∞ and QBFS,∞ were calculated based on the 
separation procedure of section 5.3.1.4 and the values of Q∞ of the reference and 
relevant mixes. The results are repeated in Table 5.9. In this paragraph, the potential 
hydration heat of slag was estimated taking into account (1) the potential total heat 
release of OPC, (2) the ultimate hydration degrees of cement and slag in the 
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different mixtures and (3) the values of  Q∞ obtained by extrapolating the isothermal 
heat conduction calorimetric curves at 20°C. The results are tabulated in Table 5.10. 

Table 5.9: Heat production at time ‘infinity’ (J/g), determined by extrapolating the 
isothermal heat production curves and applying the scaling factors of the separation 
method. 

 CP0 CP50 CP85 
Q∞ 434 395 243 

Q∞(CP0) × c/b 434 217 65 
QOPC,∞ 434 252 95 
QBFS,∞ - 143 147 

As can be deduced from the calculations, the ultimate heat production of BFS (in 
case of complete hydration) amounts to 438 J/gslag for CP50 and 523 J/gslag for CP85. 
Because the total heat production is associated with the chemical composition, both 
values should be almost the same. The calculation method is however based on 
different experimental results, each introducing small or larger errors. Nevertheless, 
it can be concluded that the magnitude of the potential heat production of BFS 
amounts to 400 – 500 J/g.  

Table 5.10: Estimation of the total heat production of BFS (I). 
 CP0 CP50 CP85 

QOPC (I), total 505 J/g   

αuP (BSE)  0.94 0.91 

QOPC,∞ = Q OPC (I),total ·αuP  
475 J/gcement 

237 J/gbinder 

460 J/gcement 

69 J/gbinder 

Q∞ 434 J/g 395 J/gbinder 243 J/gbinder 

Q BFS,∞ = Q∞ - QOPC,∞  
158 J/gbinder 

316 J/gslag 

174 J/gbinder 

204 J/gslag 

αuS (BSE)  0.72 0.39 

QBFS (I),total = QBFS,∞ /αuS   438 J/gslag 523 J/gslag 

5.5.3 Comparison between different test methods to determine the 
reaction degree / ultimate hydration degree 

In this research, the reaction degree was calculated in different ways. Firstly, for the 
isothermal calorimetric measurements (20°C), the reaction degree was defined as the 
ratio of the heat liberated at a certain moment Q(t) to the cumulative heat at time 
infinity Q∞. Secondly, TG allowed to determine the overall reaction degree as the 
ratio of the bound water content at a certain moment to the maximum content. Both 
calculation methods of the overall reaction degree, for ages ranging from 18 hours 
till 7 days, were compared and presented in Figure 5.35. As can be seen, the 
parameters coincide quite well, especially for CP0 and CP50 and for CP85 at ages 
younger than 2 days. At later ages, the overall reaction degree of CP50 and CP85 
determined by isothermal calorimetry yields slightly higher values than the reaction 
degree determined by thermogravimetric measurements.  
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Figure 5.35: Comparison of the overall reaction degree of cement and slag in pastes 
with s/b = 0, 0.5 and 0.85 determined by TG (wb(t)/wb∞) and isothermal calorimetric 
measurements (Q(t)/Q∞). 

The reaction degree of slag in pastes containing 50% and 85% BFS was estimated 
based on the CH-consumption, determined by TG measurements (see section 5.1.2) 
and based on isothermal calorimetric measurements after separation of the OPC and 
BFS reaction (see section 0). The results are compared in Figure 5.36. Despite the 
fact that the methods correspond better for CP50 than for CP85, the differences are 
quite large. For CP85, the methods to calculate the reaction degree of slag are rather 
questionable because of the scatter of the measuring points (see section 5.1.2) and 
separation procedure (5.3.1.4). For CP50, the time at which the slag hydration starts, 
the initial increase of the slag reaction degree and the slope of the reaction degree at 
later ages differs for both methods.  
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Figure 5.36: Reaction degree of slag in CP50 and CP85, determined based on 
isothermal hydration curves (Q) and the CH-content in TG measurements (CH). 

The ultimate hydration degree of OPC (I) in CP0, determined by BSE-imaging, 
amounts to 74%. However, the test results on OPC (III) after 74 days of hydration 
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indicate a value of 84%. Moreover, Q∞ of OPC (I) is about 86% referred to the 
potential heat release. These findings demonstrate that the ultimate hydration degree 
can be higher than that predicted by Mills. In principle, complete hydration can 
occur for w/c ratios higher than 0.42 (Baert, 2009), but a non-uniform distribution of 
water around the cement particles and a lack of available space for hydration 
products generally reduces the hydration degree. 

5.5.4 Reaction degree versus hydration degree 

The reaction degree, determined based on isothermal calorimetric measurements, is 
introduced as an approximation of the hydration degree. Considering the ultimate 
hydration degree of the pastes, both parameters can be compared.  

At 2 days, the reaction and hydration degrees obtained respectively by isothermal 
calorimetric measurements and BSE-imaging are summarized in Table 5.11. The 
reaction degree of OPC (I) in CP0, amounted to 55%. Considering the ultimate 
hydration degree (~ 74% for OPC (I)), this value seems to be low in comparison 
with the measured hydration degree at that time (~ 54% for OPC (II)). Also for 
pastes in which 50% of the cement is replaced by BFS, the hydration degrees (α = 
35%, αP = 52% and αS = 14% for OPC (I) and BFS (I)), calculated based on the 
reaction degrees (r = 42%, rP = 56% and rS = 19% for OPC (I) and BFS (I)) and the 
ultimate hydration degrees (αu = 83%, αuP = 94% and αuS = 72% for OPC (I) and 
BFS (I)), are lower than those obtained by BSE-imaging (α = 52%, αP = 77% and αS 
= 28% for OPC(III) and BFS (III)). As mentioned above, the hydration is possibly 
not immediately completely stopped by methanol replacement and hydration still 
proceeds for a slightly longer period, leading to a higher hydration degree of the 
cement and slag particles for the tests by scanning electron microscopy. On the 
contrary, for pastes containing 85% of the cement replaced by slag, the overall 
reaction degree (38% for OPC (I) and BFS (I)) is higher in comparison to the results 
of the BSE-images. As mentioned in section 5.2.1, the hydration degree of OPC in 
CP85 at 2 days is probably underestimated. 

Table 5.11: Reaction degree, derived from isothermal calorimetric measurements 
(20°C) and hydration degree, determined based on BSE-images, of pastes with s/b 
ratios of 0, 0.5 and 0.85 after 2 days.  

 CP0 CP50 CP85 
r 0.55 0.42 0.38 
rP 0.55 0.56 0.55 
rS - 0.19 0.28 
α 0.54 0.52 0.07 
αP 0.54 0.77 0.28 
αS - 0.28 0.04 

At 7 days, the overall reaction degrees increased significantly and amounted to 80% 
for pure cement paste and 68% for paste containing 50% slag. For the last-
mentioned mix, the values of rP and rS are respectively 81% and 45%, indicating that 
a large part of the cement particles are hydrated at that time, while more than half of 
the slag particles are still unhydrated. 
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5.5.5 Comparison between different test methods to determine the 
CH content 

In order to compare the CH content, determined by TG and image analysis of BSE-
images, all experimental results were expressed in g /100 g binder. The results are 
presented together in Figure 5.37. As can be seen, image analysis of CP0 and CP85 
yields CH contents which are slightly higher than or even comparable with those 
obtained from TG. In contrast, for CP50, the CH content from image analysis is 
considerably higher. The lower values obtained by TG can be due to the presence of 
amorphous CH (which may be decomposed in a wider temperature range and can 
thus be missed in the TG determination) (Odler and Dörr, 1979) or because CH is 
adsorbed on CSH or present as interlayer material (Taylor, 1997). Taylor (1997) also 
mentions studies in which a bad correlation was found between results from image 
analysis and TG.  
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Figure 5.37: Comparison between the CH content in CP0, CP50 and CP85, 
determined by thermogravimetric analysis and image analysis of BSE-images. 

5.5.6 Comparison between ultrasonic and calorimetric 
measurements 

Setting of concrete is a mechanical property. However, since setting cannot occur 
without hydration of the cement and slag particles, both properties are related to 
each other. With the FreshCon system, semi-adiabatic calorimetric and ultrasonic 
measurements can be performed simultaneously. However, the hydration of cement 
and slag in the FreshCon itself more likely occurs under isothermal conditions 
(20°C) than under semi-adiabatic conditions: the specimen sizes of the FreshCon 
container are small and the samples were only sealed with a plastic film to prevent 
water evaporation. Therefore, the heat production curves are presented in function of 
the equivalent age at 20°C to be compared with the ultrasonic velocity curves 
(Figure 5.38 and Figure 5.39).  

Although the P-wave velocity already starts to increase during the initial and the 
induction period of hydration, setting mainly occurs during the acceleration period. 
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The age at which the second peak in the heat production curve appears corresponds 
more or less with the start of the third stage in the P-wave velocity curves. The P-
wave velocity levels off while the heat production rate decelerates and the velocity 
approaches the asymptotic value during the period of slow continued hydration. For 
mixes with high cement replacement levels, the third hydration peak reaches a value 
which is even higher than that of the second peak. For these mixes, the start of the 
second steep increase in wave velocity corresponds with the start of the acceleration 
period of the third hydration peak. For lower replacement percentages, the hydration 
of BFS cannot be (clearly) observed in the velocity graphs. 
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Figure 5.38: Comparison between the P-wave velocity of concrete, in which the 
cement is partly replaced by BFS, and the heat production rate q, determined under 
semi-adiabatic conditions and presented in function of equivalent age at 20°C.  
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Figure 5.39: Comparison between the P-wave velocity of concrete, made of blast-
furnace slag cements, and the heat production rate q, determined under semi-
adiabatic conditions and presented in function of equivalent age at 20°C. 
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5.6 Conclusion 

The hydration process of pastes containing OPC blended with BFS was monitored 
by thermogravimetry, calorimetry and BSE-imaging.  

The hydration of OPC and BFS was visualized by BSE-images at 2, 7, 14, 74 days 
and 28 months. Based on these images, the hydration degree was determined. After 
2 days, the cement hydration degree in CP0 amounted to 55%, while the cement and 
slag hydration degrees in pastes containing 50% slag were respectively 78% and 
28%. This indicated that the cement hydration is enhanced in blended pastes and that 
the slag hydration already starts during the first days after mixing. After 28 months, 
the hydration degree of cement in pure cement pastes reached 74%, which 
corresponds exactly with the ultimate hydration degree predicted by Mills. For the 
pastes containing BFS, the hydration degree of OPC increased above 90%. The 
hydration degree of BFS was about 70%, except for high replacement percentages. 
In that case, the slag reactivity decreased significantly and a hydration degree of 
39% was reached for pastes with s/b = 0.85. 

At early ages, calorimetric measurements allowed to determine the heat production 
rate and cumulative heat production of pastes, mortar and concrete. For pastes with 
slag, an additional hydration peak due to the BFS reaction was recorded and an 
acceleration of the OPC hydration in presence of BFS was noticed. The cumulative 
heat production curves were applied to separate the OPC and BFS reaction. The 
method assumed that no hydration of slag particles occurs during the first hours after 
mixing and implies a ongoing slag hydration with time. Since scaling factors higher 
than the c/b ratio had to be applied, the enhancement of the cement hydration was 
proven again. For very high cement replacement levels, the slag reaction was the 
most dominant and the separation was less accurate. 

The overall reaction degrees obtained by isothermal calorimetry (Q(t)/Q∞ (Q = 
cumulative heat production)) and thermogravimetry (wb(t)/wb,∞ (wb = bound water 
content)) were compared and both calculations corresponded well. The values at 
infinity (wb,∞ and Q∞) were estimated by extrapolating the data, using a non-linear 
regression curve. While the value of wb,∞ was about the same for OPC paste and 
paste containing 50% BFS, a sharp decline was recorded for pastes in which 85% of 
the cement was replaced by BFS. Furthermore, only a slight difference was noticed 
between Q∞ and the total heat released after 14 days under semi-adiabatic 
conditions. Moreover, separation of the OPC and BFS reaction allowed to calculate 
distinct reaction degrees of cement and slag in blended pastes. At 7 days, reaction 
degrees of 81% and 45% were obtained for respectively cement and slag in pastes 
with w/b = 0.5. Furthermore, the determination of the slag reaction degree from the 
evolution of the CH content of a blended and reference (OPC) paste in time seemed 
to be ambiguously.  

Combination of the results obtained by BSE-imaging, calorimetry and 
thermogravimetry allowed to determine the heat production associated with the slag 
hydration and the amount of water bound to slag hydration products. The chemically 
bound water content in slag hydration products was estimated at 23%, relative to the 
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anhydrous material, while for cement hydration products the value was about 30%. 
The potential heat production of slag was comparable to that of OPC and was 
estimated at 400 – 500 J/g.  

The setting behaviour of mortar and concrete with BFS was monitored by ultrasonic 
measurements (P-wave velocity) and penetration resistance tests. Both methods 
indicated that the initial and final setting times were prolonged for mortar/concrete 
containing increasing amounts of BFS. However, ultrasonic measurements allowed 
to obtain a more complete view of the setting behaviour. Comparison between the P-
wave velocity curves and heat production rate graphs of mortar/concrete revealed 
that (1) the increase in P-wave velocity corresponds with the acceleration period, (2) 
the wave velocity levels off while the heat production rate decelerates and (3) the 
velocity approaches the asymptotic value during the period of slow continued 
hydration. Moreover, for mortar/concrete containing high amounts of BFS the 
second steep increase in P-wave velocity corresponds with the acceleration period of 
the third hydration peak.  
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Chapter 6 

Porosity and transport properties of concrete 
containing BFS: Experimental results 

6.1 Dynamic water vapour sorption 

6.1.1 Sorption isotherms of cement-based materials: general 
considerations 

Since sample preparation seems to have a considerable effect on sorption isotherms 
(see section 3.5.2.1), some preliminary tests were performed on cement pastes, 
which were differently treated before the sorption experiments started. Part of these 
results were published in (De Belie et al., 2010). 

In a first phase of the research, test specimens, which were first dried in a desiccator 
above silica gel (RH = 3%) and then vacuum dried at 80°C, were subjected to a 
dynamic water vapour sorption experiment, starting with an adsorption process (De 
Belie et al., 2010). As an example, the sorption curves of CP0 (age: ~ 4M) are 
presented in Figure 6.1 (a). Typically, the first adsorption isotherm deviates from the 
subsequent ones, and the adsorption – desorption curves overlay each other from the 
second cycle onwards. The dry masses, at the start of the first and second adsorption, 
diverge from each other, indicating that more water is evacuated by vacuum drying 
than by a step-by-step desorption. Since CSH in hydrated cement pastes contains 
different types of water (chemically bound water, interlayer water, adsorbed surface 
water), it is not surprising that different drying techniques can remove different 
amounts of water. De Belie et al. (2010) refer to (Jennings, 2008) and (Feldman, 
1973) to interpret the chemical formula of CSH. When no surface adsorbed water is 
included, the chemical formula of the CSH is C1.7SH1.8, containing 1.3 mol 
chemically bound water and 0.5 mol interlayer water. When adsorbed surface water 
is included, the formula is C1.7SH2.1. The 0.3 mol extra water is formed at a relative 
humidity higher than 11% as an outer monolayer. From literature review, it seems 
that a step-by-step desorption to 0% RH only removes the monolayer water and part 
of the interlayer water (De Belie et al., 2010), while severe drying techniques as e.g 
freeze-drying, D-drying and oven drying at 105°C, can completely remove interlayer 
water (Baroghel-Bouny, 2007). Moreover, extraction of interlayer water induces 
collapse of the CSH structure. The work of Espinosa et al. (2006) reveals that 
freeze-drying leads to a coarsening of the pore structure since the removal of micro 
gel water (defined there as interlayer water + micro pore water) causes a 
compression of the cement gel, a diminution of the open meso gel pores and an 
increase in volume of capillary pores. However, no consensus exists concerning the 
re-entry of water molecules into this collapsed structure (Korpa and Trettin, 2006). 
According to Feldman (cited by (Espinosa and Franke, 2006)) interlayer water is 
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taken up in the CSH phases at low relative humidities. However, in our experiments 
the first and second adsorption isotherms are parallel for a relative humidity below 
50%, indicating that no more water enters the paste in this RH range after vacuum-
drying than after a step-by-step desorption. Since the slopes of both adsorption 
curves deviate from each other at relative humidities between 50% and 80% and the 
mass water content at 90% RH remains the same, De Belie et al. (2010) assumed 
that interlayer water will re-enter at higher RH, and will not (completely) be 
extracted again in the step-by-step desorption. Although this statement is in 
contradiction with that of Feldman, the theory of Lodewyckx (2008), who assumed 
that specific interactions occur at low relative humidities (interaction between the 
active sites on the surface and the water molecules (hydrogen bonds) and formation 
of water clusters (again by hydrogen bonding)) while micro and meso pore filling 
takes place at higher relative humidities, can give a suitable explanation. This 
implicates that the suitability of the BJH theory, the t-curves as obtained by 
Hagymassy (1969) and BET theory on this kind of curves for the interaction water 
vapour ↔ cement paste is questioned. This subject will be investigated more in 
detail in the near future. Meanwhile, it was decided to perform no BET and BJH 
calculations based on water vapour sorption experiments (as described in section 
4.6).  

Moreover, it is not sure that equilibrium is attained at each of the RH steps during 
ad/desorption. If equilibrium is not attained during desorption, the adsorption curve 
also alters and deviates from the first one. From her literature review, Baroghel-
Bouny (2007) concluded that moisture transport is slow and consequently 
establishment of equilibrium is retarded, particularly in the mid-range RH. In 
(Taylor, 1997), it is mentioned that the loss of water is especially slow at 30-80% 
RH. In our research, the measurements were automatically changed to the next RH 
step when the mass change was lower than 0.002% per minute. However, after the 
relatively fast initial adsorption, a subsequent significantly slower uptake of water 
can take place (Odler, 2003). Lodewyckx (2010) also noticed a second increase in 
water uptake at later ages and ascribed this phenomenon to the transformation of the 
cluster structure of H2O into a more ordered chain-like structure so that water 
nanochains are able to enter a small opening (ultramicropores with a diameter < 0.7 
nm, which correspond to the micropores ‘interlayer’ as defined in (St John et al., 
1998)) if sufficient time is given. During desorption, separation of the water clusters 
from the active sites can occur but this also needs a long time. 

Remark that additional sorption experiments with smaller step sizes and longer 
equilibration times (which are still limited) are discussed below. 
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Figure 6.1: Dynamic water vapour sorption experiments: (a) starting from an 
adsorption process on vacuum dried cement paste (CP0) (age ~ 4M) (De Belie et al., 
2010) and (b) starting from a desorption process on saturated test specimens (CP0) 
(age ~ 2M). 

In a second stage of the research, it was opted to start the experiments from saturated 
test specimens and subject them first to a desorption process. After all, in real 
building materials subjected to climate changes, the drying process is milder than 
freeze-drying, D-drying, vacuum-drying or oven drying and interlayer water, which 
is no pore water according to the definition of Feldman (cited by (Espinosa and 
Franke, 2006)), will not be (completely) extracted from the material. Moreover, the 
complications associated with the different drying methods could be precluded. An 
example of an isotherm, obtained in that way, is presented in Figure 6.2 (b). Now, 
the first desorption isotherm deviates from the subsequent ones. In Baroghel-Bouny 
(2007), the differences between the first and second desorption isotherms are 
explained by: self-dessication effects, re-hydration of unhydrated cement/slag at the 
broken surface of crushed samples, pore collapse, chemical ageing (polymerisation 
of CSH phases (polymerisation of silicate chains: -Si-OH + HO-Si- ↔ -Si-O-Si + 
H2O), causing a compression of the cement gel). To investigate whether this 
deviation would be caused by (one of these) irreversible processes, test specimens, 
subjected to the adsorption – desorption cycles as presented in Figure 6.2 (a), were 
re-immersed in water at the end of the experiment and subsequently subjected to the 
same adsorption – desorption cycles for a second time (one month later). Since 
similar test results are obtained in both dynamic sorption experiments, the 
differences in mass water content at the start of the first and second desorption are 
probably due to a transition of hygroscopic water content into over-hygroscopic 
water content and condensation in the macropores. According to Espinosa and 
Franke (2006), the transition water content is assumed to be 95%. At these high RH, 
water layers can be formed on the pore walls of the larger meso and macro pores, 
however, no complete filling will be obtained by water vapour sorption (Lodewyckx 
et al., 2008). The saturation degree of these larger pores after immersion in water is 
higher than after a step-by-step adsorption process.  
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Figure 6.2: (a) Sorption experiment starting from saturated test specimens (CP0 – 
2M) and a desorption process. (b) Repetition of experiment (a) on the same test 
specimens (CP0 – in the meantime 3M old), which were immersed in water between 
the two experiments.  

Furthermore, literature review reveals that desorption processes below 10% RH 
would damage the pore structure (Ahs, 2008), while other researchers claim that 
drying below 40% RH already induces collapse of low density CSH (Jennings, 
2000; Thomas and Jennings, 2006). Therefore, during the preliminary experiments, 
the first desorption isotherm was limited to 30%, while the relative humidity was 
lowered to 0% RH during the second desorption. From Figure 6.2, it seems that no 
noticeable influence could be detected between (i) the second and subsequent 
desorption isotherms and (ii) the mass water content at 100% RH obtained after 
drying to 30% and 0% RH. Based on these test results, it was decided to vary the 
relative humidity immediately between 0% and 100% in later experiments.  

Moreover, it is worth mentioning that the shape of the isotherms of Figure 6.1 (b) 
and Figure 6.2 corresponds more with that of a hydrophobic material (since an 
adsorption isotherm which is convex to the p/p0 axis indicates a weak adsorbent –
adsorbate interaction (Rouquerol et al., 1999)) while this was rather unexpected. A 
possible reason can be that not all pore water was extracted from the test sample 
during desorption (due to a too short equilibration time – see above), probably 
especially at low RH. As a consequence, the pores were still (partly) covered. 
Application of the BET-theory on this kind of adsorption curves leads in some cases 
indeed to unrealistic or even negative (physically impossible) values for the specific 
surface area. In Figure 6.3, a few examples are given for CP0 from experiments 
starting with a desorption process: as can be seen, the BET plot (Eq.(4.12)) yields in 
some cases an ‘expected’ relationship (e.g. CP0 – 7d) between 1/(W·[(p0/p) -1]) and 
p/p0, while in other cases a ‘non-linear’ and/or a reverse relationship (e.g. CP0 – 93d 
and 244 d) was found.  
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Figure 6.3: Examples of BET plots obtained from water vapour sorption 
experiments (starting with a desorption process) for CP0. 

The discussion above clearly shows that sample preparation and measuring 
procedure have a significant influence on the isotherms. The test results shown in 
Figure 6.4 originate from a saturated sample (CP0 – 4M), which was first subjected 
to a desorption process, followed by an adsorption and a second desorption. 
Subsequently, the specimen was vacuum-dried at 110°C for 24 hours and again 
subjected to an adsorption – desorption cycle. It is shown that vacuum-drying can 
extract more water than a step-by-step desorption. Moreover, the shape of the first 
(after a step-by-step desorption starting from a saturated sample) and second (after 
vacuum-drying) adsorption curves differs especially at the low RH range. In this 
test, the increase in mass water content during the first and second adsorption only 
slightly differs, but the value of the mass water content at 100% RH is lower after 
vacuum-drying (about 5%). Irrespective of the mass water content at 100% RH, the 
mass water content at 0% RH reaches about the same value after a step-by-step 
desorption.  

In the relative humidity ranges between 0 – 10% and 90 – 100%, smaller step sizes 
(2%) were applied in this test (Figure 6.4). The duration of each step was set at 8 
hours (for the step sizes of 2%) or 12 hours (for the step sizes of 10%). The mass 
water content (relative to the dry mass after vacuum-drying and equilibration at 0% 
RH) at the end of each step was compared to the mass water content obtained after 
extrapolating the data (mass in function of time) to time infinity with Eq. (6.1). In 
this formula, m(t) is the mass of the sample at time t of the measurement and a, b, c 
are constants determined from non-linear regression analysis. In Figure 6.5, the 
results are compared for the first desorption and the second adsorption process. As 
can be seen, the differences are very small and application of this extrapolation 
method has no significant influence on the isotherms. Remark that a second  
increase/decrease of the mass in function of time (as described above) cannot be 
modelled by Eq. (6.1). However, within the applied equilibration times, a second  
increase/decrease in mass could not be recorded.  
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Figure 6.4: Sorption experiment starting from a saturated test specimens (CP0 – 4M 
– dry mass after vacuum-drying = 58 mg). The sample was subjected to a desorption 
– adsorption – desorption cycle and was subsequently vacuum-dried at 110°C for 24 
hours. Then a second adsorption and third desorption was executed. (above: change 
of the mass in function of time and RH – below: sorption isotherms) 
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Figure 6.5: Isotherms obtained from the measured mass at the end of each RH step 
or obtained by extrapolating the curves mass-time to time infinity. (left side: first 
desorption of Figure 6.4 – right side: second adsorption of Figure 6.4). 

Furthermore, a more detailed study of the test results revealed that the mass and size 
of the samples subjected to dynamic water vapour sorption tests also play an 
important role within this story. The shape of the sorption isotherms of specimens 
with a dry mass (mass at 0% RH) lower than ~ 50 – 60 mg (Figure 6.6) slightly 
differs from those obtained for samples with a higher dry mass (up to 130 mg for 
CP0 – 2M as presented in Figure 6.1 (b)). Since the dimensions of heavier test 
specimens are larger, diffusion of water is delayed and the time necessary to achieve 
equilibrium is prolonged. Taking into account these considerations, it is advised to 
perform dynamic water vapour sorption tests on very small test specimens (mass < 
50 mg) to obtain reliable test results within a relatively short time period and to 
reduce experimental errors caused by equilibration.  
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Figure 6.6: Sorption isotherms of CP85 – 7 days (dry mass at 0% RH = 21 mg). 
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As can be seen in Figure 6.2, the mass water content at a certain relative humidity is 
different for adsorption and desorption processes. This phenomenon is called 
hysteresis and is caused by (i) the different interface curvature (adsorbate – vapour) 
before capillary condensation and capillary evaporation, (ii) the pore connectivity 
and the characteristics of the complete pore network (after evaporation, the vapour 
has to find an exit to leave the adsorbent) and (iii) the presence of inkbottles pores 
(because of the different size of the pore and pore neck, pore water is taken up and 
extracted at different relative pressures). However, all experimental isotherms 
obtained during this research, yield a hystereris loop over the whole relative 
humidity range (0 – 100%). A summary of reasons for this is given by Baroghel-
Bouny (2007): (i) collapse of the pore structure (in particular for RH between 10% 
and 20%) by removal of interlayer water induces hysteresis in the low relative 
humidity range and explains why no hysteresis is detected there in case of nitrogen 
sorption experiments (see section 6.2.1), (ii) the presence of multiple-sized inkbottle 
pores in cement paste and size difference between water and nitrogen can explain 
the hysteresis over the whole RH range and also the differences between nitrogen 
and water sorption, (iii) kinetic effects complicate and delay the establishment of 
equilibrium, what can also enhance hysteresis.  

6.1.2 Sorption isotherms of BFS paste versus OPC paste 

6.1.2.1 Pore structure 

In Figure 6.7, the sorption isotherms of CP0 (4M), CP50 (18M) and CP85 (18M) 
obtained by DVS measurements after vacuum drying are presented. As can be seen, 
the first adsorption isotherms overlay each other between 0% and 10% RH. Between 
10% and 50% there is a slight difference, while at RH above 50% the difference is 
more pronounced. Above a RH of 80% the increase in mass water content of BFS 
paste is higher than for the reference paste. The measurements above 90% are not 
reliable (see above) and will not be considered in the further discussion.  
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Figure 6.7: (a) Water vapour sorption isotherm of CP0 (4M), CP50 (18M) and 
CP85 (18M). (b) First adsorption isotherm of the vacuum dried test specimens (De 
Belie et al., 2010). 
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The pore structure of CP0 (4M), CP50 (18M) and CP85 (18M) was evaluated with a 
mathematical model based on the work of P. Lodewyckx with activated carbon. 
Based on the water vapour and nitrogen sorption experiments (see section 6.2 - the 
nitrogen sorption curves of CP0 (3M), CP50 (3M) and CP85 (3M) were used in this 
preliminary research since those at 4M, respectively 18M were not yet available), a 
first effort was made to model the water vapour adsorption curves (Figure 6.7 (b)) at 
the low and medium RH range with a Langmuir-type equation (to take into account 
the specific interactions and the formation of water clusters around these primary 
adsorption sites) (Eq. (6.2)) and the Dubinin-Radushkevich equation (for micropore 
filling) (Eq. (6.3)).  
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In Eq. (6.2) and (6.3), W is the amount of adsorbed molecules; Wm is traditionally 
the monolayer capacity, but can here be considered as the cluster formation capacity 
which is related to the amount of surface sites interacting with water molecules; b is 
related to the interaction energy; ρl is the liquid density of the adsorbate and p/p0 is 
the partial pressure. From the plots of log(W) in function of (ln(p0/p))² for nitrogen 
and water vapour adsorption, the micropore volume W0 of the adsorbent, the affinity 
factor β (which depends on the water-surface interactions) and the interaction energy 
E0 (which is proportional to the mean micropore half width ‘seen’ by the adsorbate) 
can be determined (Eq. (6.3)).  
 
The fit curves are shown in Figure 6.8. More details about these models and the 
procedure can be found in (Lodewyckx et al., 2008). 
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Figure 6.8: Modelling of the water vapour sorption isotherms – black curve: 
experimental water vapour sorption isotherm; green curve: specific interactions 
(Langmuir); red curve: Dubinin-Radushkevich isotherm (micropore filling); blue 
curve: summation of the green and red curve (isotherm without mesopore 
contribution) (modelling performed by P. Lodewyckx). 

Although the models in Figure 6.8 are roughly fit on a limited amount of data points, 
some first conclusions could be drawn: (i) the contribution of specific interactions is 
considerable, indicating that a lot of active sites are available, (ii) CP50 has the 
highest amount of active sites (= green curve), followed by CP0 and CP85, (iii) the 
micropore volume of CP0 is the highest (0.11 cm³/g), while that of CP50 and CP85 
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is comparable (0.07 cm³/g), (iv) for CP50 and CP85 small mesopores (larger than 
the micropores, but small enough to allow condensation) are present (black curve is 
higher than the blue curve at high RH), for CP0 the amount of small mesopores is 
very limited (it is of course possible that larger mesopores (which could not be 
measured by this technique) are present). With these calculations, the initiative is 
taken to apply this approach, based on water vapour adsorption experiments of 
activated-carbons, on cement-based materials. Of course, more research is needed to 
find out whether this model is really suitable for cement-based materials. If this is 
the case, more experimental data are necessary to validate this technique and to draw 
definite conclusions. 

6.1.2.2 Drying procedure 

The dry masses of CP50 and CP85 at 0% RH after a step-by-step desorption do not 
deviate considerably from those obtained after vacuum drying (~ 0.16% for CP50 
and CP85 ↔ 1.99% for CP0). According to De Belie et al. (2010), this is due to the 
firm binding of interlayer water in the CSH structure which is more polymerized and 
becomes stronger and denser at later ages. In young samples, vacuum drying can 
thus probably remove this interlayer water to a larger extent than in older ones. The 
lower increase in mass water content for pastes containing slag (red curves in Figure 
6.8) will then not necessarily mean that less micropores are present, but it is also 
possible that both drying techniques (vacuum drying and a step-by-step desorption) 
only allow to extract a limited amount of the micro pore or interlayer water. In the 
next paragraph, it is shown that vacuum drying at 105°C cannot completely extract 
the pore water, neither for younger (age: 3M) samples. 

The removal of free water under different drying conditions was studied by IR 
spectroscopy. Crushed cement paste (CP0 – OPC (IV) – age: 3M), mixed with KBr, 
was placed in the spectrometer (DRIFTS – Diffuse Reflectance Infrared Fourier 
Transform Spectroscopy – Nicolet 6700 FT-IR equipped with a Graseby Specac 
chamber and MCTA detector). The sample was vacuum-dried for several days 
successively at 20°C, 105°C and 200°C. The analysis was carried out in the 
frequency range of 400 – 4000 cm-1, since the characteristic band due to the H-O-H 
bending vibration of water appears at ~ 1615 cm-1 and the broad band between ~ 
2880 and 3600 cm-1 corresponds to the stretching vibration of O-H groups in water 
(Knapen et al., 2009). In this research, we concentrated on the bending bands of 
water to monitor the removal of free water. The results indicate that vacuum drying 
at room temperature can only remove a limited amount of free water (after 24 
hours). After a few hours vacuum-drying at 105°C, the amount of water in the 
sample is strongly reduced, but there still remains a considerable amount of water. 
Drying for longer periods will result in additional mass losses, but it seems to 
proceed very slowly. At 200°C, the water can be removed but the structure changes. 
A few of the recorded spectra are shown in Figure 6.9. 
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Figure 6.9: IR spectra of CP0 (age: 3M) after vacuum-drying at room temperature 
(20°C - vac) (45 minutes up to 160 minutes), vacuum-drying at 105°C (105°C - vac) 
(for 1 and 2 hours). The bands corresponding to the stretching vibrations (~ 2880 – 
3600 cm-1) and bending vibrations (~ 1615 cm-1) are indicated in red. 

6.2 Nitrogen sorption 

6.2.1 Sorption isotherms 

Figure 6.10 presents a typical nitrogen sorption isotherm as obtained during this 
research. As can be seen, the shape is completely different from the water vapour 
sorption isotherms and a hysteresis loop of type H3 according to the IUPAC 
classification is recorded (Rouquerol et al., 1999). According to Rouquerol (1999) 
the hysteresis has to disappear at a relative vapour pressure of 0.42 for nitrogen 
sorption experiments performed at 77K. As can be seen, the curves correspond quite 
well with this statement. The obtained curve is suitable to perform BET-calculations 
and the pore size distribution was calculated based on the adsorption isotherm 
because inkbottle pores are present (see also section 6.3).  
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Figure 6.10: Nitrogen adsorption and desorption isotherm of CP85 at 7 days. 

6.2.2 BET specific surface area 

The BET specific surface areas for CP0, CP50 and CP85 (OPC (III), BFS (III)) at 7, 
28 and 91 days are tabulated in Table 6.1. For these nitrogen sorption experiments, 
no clear trend can be found between the specific surface area and the age or the 
cement replacement percentage. Moreover, only one test result is available at each 
age, which made it impossible to perform a statistical analysis and to determine 
whether significant differences occur. From literature it seems that the specific 
surface areas determined by nitrogen sorption firstly increase as hydration proceeds 
(not necessary linear), but tend to level off or decrease at later ages (Odler, 2003) 
because of the formation of small pores which are inaccessible to the nitrogen 
molecules. On the other hand, Garci Juenger and Jennings (2001) recorded a 
considerable linear increase of the specific surface area of D-dried specimens during 
the first 100 days, while the specific surface area of oven-dried specimens only 
slightly increased during this period. The surface area of D-dried specimens 
increased from 15 m²/g at 1 day to 57 m²/g at 270 days whereas the surface areas of 
oven-dried cement pastes (w/c = 0.45) increased from 12 m²/g to 20 m²/g in the 
same period. These results are quite similar to the findings of the current research 
(Table 6.1). Odler (2003) also mentions values of ~ 10 m²/g for OPC with a w/c 
ratio of 0.5 hydrated for 24 months at 20°C. 

Table 6.1: Specific surface area (N2) (m²/g) of pastes containing different amounts 
of OPC(III) and BFS(III) – sample preparation: in a sandbed at 105°C for ~ 20 h. 

 CP0 CP50 CP85 
7 days (OPC(III)) 11 11 11 

28 days (OPC(III), BFS(III)) 11 13 12 
91 days (OPC(III), BFS(III)) 16 12 14 

Garci Juenger and Jennings (2001) investigated the effect of the drying method on 
the pore size distribution and recorded that the total pore volume and especially the 
volume of the smallest pores (r = 1 – 4 nm) is significantly reduced for oven-dried 
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specimens in comparison to D-dried specimens. They attributed the lower surface 
areas after oven-drying to pore collapse (especially of the smallest pores). Another 
explanation could be that any gel pores remain filled with water. As a consequence, 
nitrogen cannot penetrate into these pores and they do not contribute to the measured 
specific surface area. However, Korpa and Trettin (2006) refute this assertion. They 
found that a higher water removal does not necessary results in a larger specific 
surface area. Indeed, the relative percentage of removed water was the highest for 
oven-dried (105°C) samples (in comparison to other drying techniques as D-drying, 
F-drying, P-drying), while the specific surface area was the lowest. As a 
consequence, pore collapse or at least pore alteration should be more likely the 
reason behind it. 

In the current research, the test specimens were dried in a sandbed at 105°C for ~ 20 
hours preparatory to the nitrogen sorption test (results shown in Table 6.1). 
Additionally, some test specimens (CP0 (OPC (IV)) – age: 3 – 4 M) were vacuum-
dried at different temperatures. The specific surface area and total pore volumes 
obtained by nitrogen sorption are tabulated in Table 6.2. Furthermore, Table 6.2 is 
completed with the results obtained by De Belie et al. (2010), who performed similar 
tests on pastes containing BFS (BFS (I)). In comparison to the tests as discussed 
before, the used cement and slag originated from another batch and the sample 
preparation was slightly different since the specimens were dried under vacuum at 
105°C for ~ 16 hours.  

Because the number of measurements is limited and no tests were repeated, it is 
difficult to draw definite conclusions and to explain part of the obtained results. 
More research is needed within this field. Nevertheless, the values in Table 6.2 
clearly indicate that the sample preparation procedure has a significant effect on the 
results.  

- The specific surface areas of CP0 (age: 4M) after preparatory vacuum-
drying at 105°C and 120 °C are comparable (24 ↔ 26 m²/g). However, 
after vacuum-drying at 30°C for 3 days, the specific surface area (and also 
the total pore volume) of CP0 (age: 4M) is considerably higher (58 m²/g). It 
may be possible that vacuum-drying at 30°C for 3 days removes more 
water than vacuum-drying at 105°C or 120°C for ~ 16 hours. IR spectra 
(see section 6.1.2.2) showed that the removal of water is (s)low at room 
temperature (but vacuum-drying at 105°C could neither completely remove 
the water and did not show structure alteration), but since no measurements 
are available, it is difficult to conclude whether unequal drying or pore 
collapse causes the difference. 

- The specific surface area (and also the total pore volume) of CP0 (age: 3M) 
is much higher after vacuum-drying at 105°C (56 m²/g) than after vacuum-
drying at 200°C (36 m²/g). Since IR-spectra (see section 6.1.2.2) showed 
that all pore water can be extracted at 200°C (while this is not the case at 
105°C) and the structure changes (while this is also not the case at 105°C), 
alteration of the pore structure gives the most likely explanation. 
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- Also at the age of 3 months, the specific surface area of CP0 after drying in 
a sandbed at 105°C (16 m²/g) is considerably lower (÷ 3.5) than that 
obtained after vacuum-drying at 105°C (56 m²/g). Other batches of cements 
were used in both experiments, but it seems unlikely that this will induce 
such a large difference. Again pore collapse or insufficient drying are two 
possible reasons.  

- With regard to the BFS mixes, the specific surface areas after 1.5 year (and 
vacuum-dried at 105°C) are markedly higher than those obtained at 3 
months (dried in a sandbed at 105°C) (factor 4 to 5 for CP50 and CP85). Of 
course, the hydration of OPC and especially that of BFS will continue over 
this time period. Therefore, it is difficult to separate the effect of age and 
preparation procedure. 

Table 6.2: Specific surface area (N2) (m²/g) of pastes containing different amounts 
of BFS. 

 CP0 CP50 CP85 
~ 20 h at 105°C in a sandbed    
7 days (OPC(III), BFS(III)) 11 11 11 
28 days (OPC(III), BFS(III)) 11 13 12 
91 days (OPC(III), BFS(III)) 16 12 14 

Vacuum-drying at 105°C for ~ 16 h    
4 months (De Belie et al., 2010) 

(OPC(I)) 
24 / / 

1.5 year (De Belie et al., 2010) 
(OPC(I), BFS(I)) 

/ 41 67 

Vacuum-drying at 30°C for ~ 3 days    
4 months (OPC(IV)) 58 (Vtot = 0.161 cm³/g)    / / 

Vacuum-drying at 105°C for ~ 16 h    
3 months (OPC(IV)) 56 (Vtot = 0.153 cm³/g)    / / 

Vacuum-drying at 120°C for ~ 16 h    
4 months (OPC(IV)) 26 (Vtot = 0.122 cm³/g)    / / 

Vacuum-drying at 200°C for ~ 16 h    
3 months (OPC(IV)) 36 (Vtot = 0.128 cm³/g)    / / 

(/) not measured 

6.2.3 Pore size distribution 

The pore size distributions, calculated with the BJH-method on N2 adsorption 
isotherms, are presented in Figure 6.11. As can be seen, only the mesopores (2 nm – 
50 nm) can be considered. According to the classification as mentioned in (St John 
et al., 1998), these pores correspond with small gel capillaries (largest gel pores) and 
medium capillaries (smallest capillary pores).    
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Figure 6.11: Pore size distribution calculated on the N2-adsorption curves of CP0, 
CP50 and CP85 (OPC (III) and BFS (III)). 

Since only one test result is available at each age, it is difficult to draw conclusions 
and the tests should be repeated to have an indication concerning the variances 
between similar results. Nevertheless, some tentative conclusions are: (i) the total 
porosity in the meso-porous range increases with increasing BFS content and the 
portion of medium capillaries is slightly higher for BFS concrete, (ii) the pore 
diameter corresponding with the highest peak in the pore size distribution curve (D ~ 
0.0035 µm) is the same for all mixes and does not change in function of time, 
however, a second peak is recorded for pastes containing BFS, (iii) for BFS pastes, 
no clear trend could be found between the pore size distribution and the age, while 
for the reference paste, a decrease of the meso total porosity, due to a decrease of the 
amount of medium capillaries, is recorded between 7 days and 1 month.  

6.3 Mercury intrusion 

Mercury intrusion measurements were performed on concrete mixes (OPC (III) and 
BFS (III)) containing different amounts of BFS at the age of 5 months. The 
cumulative intrusion curves and pore size distribution curves are presented in Figure 
6.12, respectively Figure 6.13. The main characteristics of the pore structure are 
summarized in Table 6.3. Remark however that the conclusions as drawn below are 
based on only one test result per concrete mix and that no statistical tests could be 
performed.  
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Figure 6.12: Cumulative intrusion curve in function of the pore diameter for 
concrete containing different amounts of BFS (age = 5 months). 

From the cumulative volume of intruded mercury, the total porosity (d > 6 nm) 
could be estimated by taking into account the apparent density, which was 
determined by measuring and weighing the specimens (Table 6.3). As can be seen, 
the total porosity of the reference mixture is quite similar to that of S50 and S70, 
while S85 has a considerably higher total porosity. However, according to Ye 
(2003), the water permeability depends on the effective porosity. In this respect, S50 
performs better than S0, while the performance of S85 is again the worst. 
Furthermore, no clear trend could be found between the cement replacement 
percentage (0, 0.5, 0.7 and 0.85) and the ratio of inkbottle pores to total pore volume 
(respectively 63%, 72%, 67% and 63%).   

Table 6.3: Characteristics of S0, S50, S70 and S85 determined by MIP (capillary 
porosity: 0.01 µm < d < 10 µm; large capillaries: 0.05 µm < d < 10 µm; air voids: d 
> 10 µm).  

 S0 S50 S70 S85 
Apparent density (mg/mm³) 2.182 2.015 2.077 1.992 

Total porosity (%) 9.5 9.2 10.9 17.0 
Inkbottle porosity (%) 6.0 6.6 7.3 10.7 
Effective porosity (%) 3.5 2.6 3.6 6.3 
Capillary porosity (%) 8.3 7.1 7.0 12.2 
Large capillaries (%) 4.7 4.0 2.2 3.3 

Porosity (d < 10 µm) (%) 8.9 8.1 9.2 15.9 
Specific surface area (m²/g) 5.05 6.52 11.03 19.90 
Mean pore diameter (µm) 0.034 0.028 0.019 0.017 

Critical pore diameter (µm) 
 

0.048 
0.339 
0.047 

11 
0.008 

0.682 
0.009  

Threshold pore diameter (µm) 
 

0.106 
 

0.451 
13.9 
0.057 

1.829 
0.057 

Moreover, as also can be deduced from Table 6.3, the pore structure of concrete 
containing increasing amounts of BFS is finer. The ratio of the capillary porosity to 
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the total porosity (6 nm < d < 10 µm) decreases from 93% for S0 to 87%, 76% and 
77% for respectively S50, S70 and S85. If only the large capillaries with 0.05 µm < 
d < 10 µm are considered, the distinction between the concrete mixes is still more 
pronounced. The ratio of the large capillaries to the total porosity (6 nm < d < 10 
µm) is 53%, 49%, 24% and 21% for respectively S0, S50, S70 and S85, indicating a 
refinement of the pore structure for BFS concrete. Nevertheless, S85 has the highest 
amount of capillary and gel pores.   

The specific surface area, as determined by MIP, increases for mixtures containing 
increasing amounts of BFS. Since the total pore volume of S0, S50 and S70 is quite 
similar, it can be concluded that the pore structure of BFS is finer. This refinement is 
also confirmed by the values of the mean pore diameter, which decrease for 
concretes with increasing cement replacement percentages. 
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Figure 6.13: Pore size distribution of S0, S50, S70 and S85. 

From Figure 6.12 and Figure 6.13, the critical diameter and the threshold diameter 
could be defined for each concrete mix (Table 6.3). Figure 6.14 illustrates the 
definition of both types of diameters. The critical diameter, which corresponds to the 
inflexion point of the cumulative intrusion curve, appears most frequently in the 
interconnected pore system, while the threshold diameter is the smallest diameter 
which initiates percolation (Boel, 2006).  

 

Figure 6.14: Illustration of the definition of the critical (continuous or effective) 
diameter (dcr) and threshold diameter (dth) ((Aligizaki, 2006) cited by (Boel, 2006)). 

Moreover, literature review reveals the existence of two peaks in the pore size 
distribution curves (Cook and Hover, 1999; Ye, 2003). The first critical peak (d ~ 2 
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– 0.2 µm (Cook and Hover, 1999)) corresponds to the size of pore necks connecting 
a continuous capillary pore network (Cook and Hover, 1999). Since the capillary 
pore space decreases as hydration proceeds, this peak becomes smaller with age. 
The second critical peak (which corresponds with a smaller pore diameter (d ~ 0.02 
– 0.06 µm (Cook and Hover, 1999)) than that of the first critical peak) appears 
merely at later ages and could correspond with the gel pores in the hydration 
products. However, since the diameters of the pores corresponding with the second 
peak are larger than the gel pores (as defined in section 3.5.1), Cook (1999) stated 
that this peak corresponds to the pressure required to break through the blockages in 
the capillary pore space. Consequently, the second peak does not correspond with a 
pore size, but with the pressure required to break through blockages in the capillary 
pore network (Cook and Hover, 1999). In this respect, the curves of Figure 6.13 
could be analysed. As can be seen, S0 only shows one peak, probably corresponding 
to the second peak. This assumption is based on similar test results obtained by 
Cook (1999) on cement pastes with w/c = 0.5, which show that the first peak already 
disappeared at the age of 3 months. For S70 and S85, the two peaks clearly coexist 
at the age of 5 months and the pressure needed to break through the blockages is 
higher for BFS concrete than for the reference concrete. Moreover, the threshold 
diameters of S70 and S85, associated with the second peak, were smaller than that of 
S0. Furthermore, the shape of the cumulative intrusion curve of S50 differs from the 
other ones: the threshold diameter could be determined less unambiguously and the 
pore size distribution shows several peaks, which are more or less pronounced.  

6.4 Water absorption under vacuum 

Vacuum water absorption tests after preparatory drying at 40°C and 105°C were 
performed to determine the open porosity (ϕ40°C and ϕ105°C). In general, researchers 
accept that ϕ105°C corresponds with the total open porosity (capillary and gel 
porosity) (RILEM, 1980; AFPC-AFREM, 1998; Kearsley and Wainwright, 2001; 
Audenaert, 2006; Cnudde et al., 2009). However, stating that ϕ40°C is a rough 
estimate of the capillary porosity provokes discussion. Therefore, the method to 
determine ϕ40°C and the correspondence between ϕ40°C and the capillary porosity 
(ϕcap) is scrutinized in section 6.8. Nevertheless, the characteristics (ϕ40°C and ϕ105°C) 
of different specimens, which were equally treated, can be compared with each other 
and the results are presented in Figure 6.15.  
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Figure 6.15: Open porosity after drying at 40°C and 105°C for concrete specimens 
(OPC (II) and BFS (II)) containing different amounts of BFS (s/b = 0, 0.5, 0.7 and 
0.85).  

As can be seen, the mean values of ϕ40°C and ϕ105°C generally decrease slightly with 
time while the difference between ϕ105°C and ϕ40°C increases. The ratio of ϕ40°C over 
ϕ105°C decreases, while the ratio (ϕ105°C - ϕ40°C) over ϕ105°C increases with increasing 
age for each of the mixtures (Table 6.4). This indicates that the pore structure 
refines. Moreover, the values of these ratios are also higher for BFS concrete than 
for the reference concrete.  

Table 6.4: Ratio of ϕ40°C over ϕ105°C and (ϕ105°C - ϕ40°C) over ϕ105°C for the different 
concrete mixtures in function of age. 

 ϕϕϕϕ 40°C/ ϕϕϕϕ 105°C [ϕϕϕϕ 105°C- ϕϕϕϕ 40°C]/ ϕϕϕϕ 105°C 
 S0 S50 S70 S85 S0 S50 S70 S85 

1M 0.75 0.68 0.62 0.65 0.25 0.32 0.37 0.35 
3M 0.66 0.62 0.60 0.66 0.34 0.37 0.39 0.33 
6M - - 0.58 0.60 - - 0.41 0.40 
12M 0.63 0.59 0.61 0.64 0.37 0.41 0.39 0.36 
16M 0.61 0.54 0.50 0.55 0.39 0.45 0.50 0.45 

A statistical analysis (a one-way ANOVA and a Student-Newman-Keuls Post Hoc 
test was performed since an univariate multi-way ANOVA showed that the 
interaction between the cement replacement percentage and the age was significant) 
allows to determine the significant differences in function of the concrete 
composition and test age (Table 6.5). From this analysis, it could be roughly 
concluded that, although the total open porosity of S0 is significantly lower than that 
of S50, S70 and S85, (ϕ105°C - ϕ40°C) is significantly higher for BFS concrete. 
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Table 6.5: Significant differences between the porosity of S0, S50, S70 and S85 at 
different ages. 

 ϕϕϕϕ40°C ϕϕϕϕ105°C (ϕϕϕϕ105°C - ϕ ϕ ϕ ϕ40°C) 
1M S0 ↔ S50, S70, S85 

S50 ↔ S70 
S0 ↔ S50, S85 S0 ↔ S50, S70, S85 

3M S50 ↔ S85 S0 ↔ S70, S85 
S50 ↔ S70, S85 

S0 ↔ S70 

12M / S0 ↔ S50, S70, S85 / 

16M S70 ↔ S0, S50, S85 S85 ↔ S0, S50, S70 S0 ↔ S50, S70, S85 

S0 1M ↔ 3M, 12M, 16M 12M ↔ 1M, 3M, 16M 1M ↔ 3M, 12M, 16M 

S50 1M ↔ 3M, 12M, 16M 
3M ↔ 16M 

1M ↔ 3M, 12M, 16M 16M ↔ 1M, 3M 

S70 16M ↔ 1M, 3M, 6M, 12M 3M ↔ 12M 16M ↔ 1M, 3M, 6M, 12M 

S85 3M ↔ 6M, 12M, 16M 
1M ↔ 16M 

12M ↔ 1M, 3M, 6M, 16M 16M ↔ 1M, 3M, 6M, 12M 

6.5 Capillary water sorption 

In the first paragraph of this section, the capillary water uptake (i) after 14 days for 
the different concrete mixes (OPC (II) and BFS (II)) at the age of 1, 3, 6 and 12 
months is compared (Figure 6.16). Concerning the evolution of i40°C with age, it can 
be said that the capillary water sorption generally decreases with increasing age (one 
exception is S70 at 6 months, which will not be considered in the further analysis). 
However, statistical analyses reveal that the differences between the different test 
ages are not always significant. Since an univariate multi-way ANOVA showed that 
the interaction between the cement replacement percentage and the age was 
significant, a one-way ANOVA with 15 different groups and a Student-Newman-
Keuls Post Hoc test was performed. Significant differences are found for: S0: 1M ↔ 
3M, 6M, 12M; S50: 1M, 3M ↔ 6M ↔ 12M; S70: 1M ↔ 3M, 12M; S85: 1M ↔ 
3M, 12M. After drying at 105°C, the water uptake at the age of 12 months generally 
deviates from those at 1, 3 and 6 months and an unexpected increase with time is 
even recorded for S85. Significant differences are recorded for: S0: 1M, 3M, 6M ↔ 
12M; S50: 1M, 3M, 6M ↔ 12M; S70: no significant differences; S85: 1M, 3M ↔ 
12M. Remark however that the tests at different ages were performed on concrete 
cubes originating from different concrete batches. The (slightly) different 
mechanical performance of these mixes can have an influence on the capillary water 
uptake. For the 28-day compressive strength of the concrete mixes, we refer to Table 
6.8. In Figure 6.17, the water uptake after drying at 40°C was compared with that 
obtained after preparatory drying at 105°C. The test results of S85 were excluded 
since i40°C and i105°C show an inverse relation with time. For S0, S50 and S70, a linear 
trend between i40°C and i105°C could be found, but the correlation coefficient was 
rather low (R² = 0.57). 
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Figure 6.16: The 14 days capillary water sorption of different concrete types (S0, 
S50, S70 and S85) after drying at 40°C and 105°C. The test results indicated by ‘+’ 
were obtained after 15 days, those indicated by ‘-’ were obtained after 13 days. 

Statistical tests were also performed to detect significant differences between the 
mixes. However, as also can be expected from the graphs in Figure 6.16, no clear 
trend could be found. Significant differences were found for certain mixes at certain 
ages, but no general conclusion could be drawn concerning the performance of BFS 
concrete in comparison to OPC concrete. 
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Figure 6.17: Comparison between the capillary water uptake after preparatory 
drying at 40°C and 105°C.  

As mentioned in section 4.9, the sorptivity coefficients S1 and S2 are determined 
from the graphs representing the average cumulative amount of sorbed water in 
function of the square root of time. According to Audenaert (2006), two values are 
obtained because of the different characteristics of the zone surrounding a moulding 
surface (measurements < 6 hours) and the interior zone (measurements > 72 hours). 
As can be seen in Figure 6.18 (left side – example), this method seems to be 
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appropriate to model the water uptake after preparatory drying at 40°C and in most 
cases correlation coefficients higher than 0.99 are obtained. However, for the test 
specimens dried at 105°C, the measurements tend to reach an asymptotic value after 
10 – 14 days (Figure 6.19 – right side). Consequently, the best fitted linear function 
has a lower correlation coefficient and the relevance of S2 for test specimens dried 
at 105°C could be questioned. Concerning the model of Martys and Ferraris (1997), 
about the same conclusions could be drawn. On the one hand, the curve of i40°C 
versus √time could be modelled very well and the three parts in the formula (section 
4.9) contribute (Figure 6.18 – right side). The value of Sg corresponds quite well 
with that of S2, while the measurements, which have been taken into account to 
calculate S1, are situated in the transition zone. As a consequence, the value of S is 
higher than that of S1 and corresponds more likely with the tangent of the curve at 
very early times (< 1 hour). On the other hand, non-linear regression analysis on the 
i105°C - √time curve only provides stable values for the constants if constraints are 
defined (S ≥ 0, Sg ≥ 0, S0 ≥ 0). The estimated values of Sg and S0 are then zero and 
the values of S come close to those of S1. The measurements between 3 and 14 days 
are now situated in the cross-over regime and can consequently not be accurately 
fitted by a linear function (S2).  
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Figure 6.18: Cumulative amount of sorbed water in function of the square root 
(sqrt) of time for S0 at the age of 1 month after preparatory drying at 40°C. Left 
graph: Determination of the S1 (=0.598) and S2 (=0.247) coefficients. Right graph: 
Model of Martys and Ferraris (+ contribution of the different parts). 

According to Martys and Ferraris (1997), the decrease in sorption rate may be due to 
sorptivity in smaller pores and effects of moisture diffusion (see section 3.5.2.1). 
Moreover, they also mention that finite size effects can have a significant influence 
on the capillary sorption. In this respect and taking into account the following 
considerations, the author of this thesis has the opinion that for capillary sorption 
tests performed after preparatory drying at 40°C, (i) the value of S corresponds more 
likely with the sorptivity in the moulding zone, while (ii) S2 and Sg, which are about 
the same, correspond with the sorptivity in the core of the cube. Reasons to assume 
all of this are: (i) Observations during the tests indicate that for some test specimens, 
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the water level has already reached heights much higher than the zone surrounding 
the moulding surface after about 24 hours. At the trowelled surface, the water level 
reached the top of the cube, while the water already rose up to the top of the 
aluminium foil (about 10 cm) at the moulding surfaces. Measurements between 1 
and 6 hours probably include sorption in the moulding surface and the core of the 
cube and correspond with the cross-over regime. (ii) At the outside of the cubes, a 
higher porosity could probably be found. Moreover, although the specimens reached 
a constant mass (mass loss < 0.1% over 24 hours) after drying at 40°C for 14 days, 
longer drying periods result in additional mass losses (see section 6.8). 
Consequently the saturation degree of the core is higher and the higher the initial 
water content, the lower the water uptake and sorptivity (Martys and Ferraris, 1997; 
Audenaert, 2006). Therefore, it is assumed that Sg (= S2), which is lower than S, 
corresponds with the sorptivity at the interior of the cube.   

Because of part 2 (Sg √t) in formula (4.23), the specimen will never stop to absorb 
water. In the test, the specimens have finite sizes and were placed in a closed 
container. In this environment with a high RH, less water will evaporate and 
moisture can enter from the sides (Martys and Ferraris, 1997). Therefore, it is 
expected that, at later ages, a regime will be established with a low sorptivity 
coefficient. However, this stage could not be observed and is probably not reached 
within the 14 days measuring period.  

y = 1.5759x + 0.0864

R2 = 0.9989

y = 0.5625x + 7.6587

R2 = 0.8763

0

5

10

15

20

25

0 5 10 15 20
Time0,5 (h0,5)

C
u

m
u

la
tiv

e
 a

m
ou

nt
 o

f s
or

b
e

d 
w

a
te

r 
(k

g
/m

²)

S0-1M - S1

S0-1M - S2

model Marthys and Ferraris

Lineair (S0-1M - S1)

Lineair (S0-1M - S2)

0 5 10 15 20
Time0,5 (h0,5)

model Marthys and Ferraris

part 1 of the model (C (1-exp(-S sqrt(t)/C)))

S sqrt (t)

 

Figure 6.19: Cumulative amount of sorbed water in function of the square root 
(sqrt) of time for S0 at the age of 1 month after preparatory drying at 105°C. Left 
graph: Determination of the S1 (= 1.576) and S2 (=0.563) coefficients. Right graph: 
Model of Martys and Ferraris. 

As already mentioned above, the drying temperature (40°C ↔ 105°C) has a 
significant influence on the curve representing the capillary water uptake in function 
of time. According to the author of this thesis, specimens which are dried for 14 
days at 105°C are completely dry and there is no difference in saturation degree 
between the moulding surfaces and the interior of the cubes. Therefore, only one 
sorptivity coefficient was found (S in the formula of Martys and Ferraris), having a 
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higher value than the one obtained after preparatory drying at 40°C. Moreover, i105°C 
becomes almost constant after 10 – 14 days. This can probably be explained by the 
fact that the water level reaches the top of the concrete cubes and the cubes were 
placed in a closed container having a higher RH.  

The values of the different sorptivity coefficients are tabulated in Table 6.6.  

Table 6.6: Values of S1 (kg/m²/√h), S2 (kg/m²/√h), C (kg/m²), S (kg/m²/√h), Sg 
(kg/m²/√h), S0 (kg/m²) for the different concrete mixes. 

40°C S1 S2 C S Sg S0 
S0 – 1M 0.598 0.247 2.087 1.377 0.253 0.033 
S0 – 3M 0.419 0.167 1.771 0.747 0.173 0.033 
S0 – 6M 0.474 0.190 1.485 0.817 0.194 0.022 
S0 – 12M 0.358 0.143 1.689 0.523 0.135 0.049 
S50 – 1M 0.747 0.182 3.378 1.474 0.183 0.073 
S50 – 3M 0.637 0.157 4.309 0.967 0.113 0.074 
S50 – 6M 0.581 0.132 3.177 0.890 0.113 0.076 
S50 – 12M 0.349 0.121 3.165 0.434 0.052 0.042 
S70 – 1M 0.582 0.220 2.039 1.329 0.230 0.032 
S70 – 3M 0.594 0.150 3.072 0.810 0.119 0.081 
S70 – 6M 0.861 0.282 5.437 0.917 0.173 0.093 
S70 – 12M 0.723 0.096 4.904 1.062 0.023 0.017 
S85 – 1M 0.744 0.265 3.358 1.162 0.258 0.117 
S85 – 3M 0.676 0.178 4.004 0.972 0.129 0.148 
S85 – 12M 0.887 0.096 6.642 1.317 0.006 0.041 

105°C S1 S2 C S Sg S0 
S0 – 1M 1.576 0.563 22.844 1.924 0 0 
S0 – 3M 1.457 0.554 22.704 1.967 0 0 
S0 – 6M 1.366 0.593 23.626 1.599 0 0 
S0 – 12M 1.188 0.606 4.721 0.852 0.477 0 
S50 – 1M 1.374 0.730 29.541 1.652 0 0 
S50 – 3M 1.456 0.597 24.764 1.996 0 0 
S50 – 6M 1.303 0.654 29.365 1.604 0 0 
S50 – 12M 0.817 0.469 29.486 1.034 0 0 
S70 – 1M 1.246 0.676 23.580 1.457 0 0 
S70 – 3M 1.171 0.548 22.609 1.375 0 0 
S70 – 6M 1.145 0.821 46.054 1.344 0 0 
S70 – 12M 1.009 0.623 28.662 1.327 0 0 
S85 – 1M 0.973 0.497 16.777 1.285 0 0 
S85 – 3M 1.013 0.420 19.615 1.256 0 0 
S85 – 12M 1.193 0.638 26.568 1.459 0 0 

Analysis of the experimental results was complicated since the specimens, tested at 
different ages, came from different concrete batches with a (slightly) different 
mechanical performance. Nevertheless some general trends can be deduced from the 
test results. Firstly, a decrease of the sorptivity coefficients in function of time is 
noticed. Secondly, after preparatory drying at 105°C, the values of S1 and S 
generally decrease for mixes containing increasing amounts of BFS. After 
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preparatory drying at 40°C, no clear relation could be found between the capillary 
sorption in the zone surrounding a moulding surface and the slag percentage in the 
mix. For the interior zone, a slight decrease of  S2 (~ Sg) was recorded between S0 
and S50 while the values of S0 were comparable with those of S70 and S85 at 1, 3 
and 6 months. At the age of 12 months, S2 (Sg) decreases continuously with 
increasing BFS content.  

6.6 Water permeability 

As mentioned in section 4.10, the decrease of the water level in the tubes of a water 
permeability apparatus was registered every 2 – 4 days and the corresponding water 
permeability coefficients K (in m/s) were calculated. However, since the time 
intervals are short and the water permeability is low, the drop in water level during 
one time interval is sometimes about zero and could not be registered accurately 
enough (accuracy = 1 mm). In these cases, water permeability coefficients were 
determined from the cumulative drop in water level over two or more time intervals 
(until a measurable decrease in water level was noticed). 

As example, Figure 6.20 presents the water permeability coefficients of 5 test 
specimens of OPC concrete. Since the test specimens need some time to reach a 
steady-state flowing regime, most of the permeability coefficients become nearly 
constant after about 10 days (in this example). However, for some test specimens (in 
this example: S0 – 4 and S0 – 1 (to a lesser extent)) no stable value could be 
obtained and these test series were consequently excluded from further analysis.  
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Figure 6.20: Evolution of the permeability coefficients K (m/s) in function of time 
for 5 test specimens made of OPC concrete. 

For each concrete type (OPC (III) and BFS (III)), the mean values of the water 
permeability coefficients and the intrinsic permeability coefficients are tabulated in 
Table 6.7 together with the corresponding standard deviations. From a statistical 
analysis (One-way anova (level of significance = 0.05), preceded by a Levene’s test 
(level of significance = 0.01) to check the homogeneity of the variances), it can be 
concluded that the variances are homogeneous and that the water permeability 
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coefficients K of the different concrete mixtures do not differ significantly from 
each other. As mentioned in section 3.5.2.1, it is difficult to compare results 
obtained by different measuring techniques. However it can be said that in contrast 
to the findings of Cheng (2005), no decrease of the permeability coefficient with 
increasing BFS content could be noticed here. The results agree more with those of 
Berndt (2009), who found similar results for mixes with s/b ratios ranging from 0 to 
0.7. Moreover, in comparison to the results obtained by Audenaert (2006), who used 
the same test setup for traditional concrete with a cement content of 360 kg/m³ and a 
w/c ratio of 0.46, the results are of the same order of magnitude. For concrete made 
of CEM I 42.5 at the age of 3 months, she obtained values of 8.8·10-12 m/s (σ = 0.93 
m/s). If CEM III/A 42.5 was applied, the water permeability coefficient amounted to 
10.0·10-12 m/s (σ = 1.11 m/s) at an age of 5 months. 

Table 6.7: Water permeability coefficients (m/s) and intrinsic permeability 
coefficients (m²) of concrete containing different amounts of BFS at the age of ~ 3 
months (n = number of test series, σ = standard deviation). 

 S0 (n = 3) S50 (n = 3) S70 (n = 4) S85 (n = 3) 

K 
5.3·10-12  

(σ = 1.8·10-12) 
8.5·10-12  

(σ = 1.2·10-12) 
5.2·10-12  

(σ = 1.8·10-12) 
12.0·10-12  

(σ = 6.7·10-12) 

k 
5.4·10-19  

(σ = 1.8·10-19) 
8.6·10-19  

(σ = 1.3·10-19) 
5.3·10-19  

(σ = 1.8·10-19) 
12.3·10-19  

(σ = 6.9·10-19) 

Although this test method seemed to be appropriate to compare the water 
permeability of cracked and (self)-healed concrete (Van Tittelboom et al., 2010), 
this method is not accurate enough to detect differences between the water 
permeability coefficients of undamaged concrete mixtures containing different 
amounts of BFS. Therefore, no further research was performed within this field. 

6.7 Gas permeability 

In Figure 6.21, the apparent gas permeability coefficients of dry concrete (OPC (II) 
and BFS (II)) with s/b ratios of 0, 0.5, 0.7 and 0.85 are shown as a function of time 
and applied inlet pressure. As can be seen, the gas permeability decreases with 
increasing pressure. Since the free path length λ of oxygen molecules increases with 
decreasing pressure, λ comes closer to the pore diameter and the contribution of gas 
slippage (non-viscous flow) in the gas flow increases, leading to a higher flow rate. 
Furthermore, this inverse proportion indicates that (i) no leakage occurs (RILEM TC 
116-PCD, 1999) and (ii) the flow is laminar (Boel, 2006). Moreover, a linear 
relationship between the flow rate Q and the pressure gradient (P1

2-P2²) could be 
noticed (Figure 6.22). Since it is proven that the flow is laminar for the applied 
pressures, the apparent gas permeability coefficients may be calculated according to 
formula (4.27). 
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Figure 6.21: Apparent gas permeability coefficients of concrete S0, S50, S70 and 
S85 at a saturation degree of 0% after 1, 3, 6 and 12 months curing. 
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Figure 6.22: Flow rate in function of the pressure gradient for the concrete mixtures 
S0, S50, S70 and S85 at 1, 3, 6 and 12 months. 

To compare the gas permeability of different concrete mixes, Boel (2006) advised to 
look at test results obtained at the lowest pressure and on completely dry specimens 
(Table 6.8). However, since the measuring procedure only allows to determine 
simultaneously the mean apparent gas permeability coefficient of 3 concrete 
specimens, the standard deviation on the individual values could not be reported. By 
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detaching two of the three specimens from the test set up, Van den Heede et al. 
(2010) found a maximum standard deviation on the individual values of 0.271·10-16 
m². This value was applied in t-tests to roughly detect significant differences in 
function of time or cement replacement percentage. 

In this research, the apparent gas permeability generally increases with increasing 
BFS content. From the statistical analysis, it can be concluded that S85 differs 
significantly from the other mixes at all ages. Moreover, significant differences are 
recorded between S0 and S70 at all ages, S0 and S50 at 3 and 6 months, and S50 and 
S70 at 6 and 12 months. Remark however that several publications, e.g. (Neville, 
1995; Shi et al., 2009), indicate that BFS can significantly reduce the permeability of 
well-cured normal concrete. Nevertheless, Boel (2006) also recorded higher 
apparent gas permeability coefficients for traditional concrete made of CEM III/A 
42.5 in comparison to those made of CEM I 42.5 (w/c = 0.46 and cement content = 
360 kg/m³) at the age of ~ 3 months. She emphasizes that the fineness of the 
cements and the (ultimate) hydration degree play an important role. Therefore, it is 
possible that in function of age the order changes. Nevertheless, a persistent increase 
of ka in function of cement replacement percentage is noticed in this research, also at 
later ages. Reasons for this effect can be: (i) carbonation of the specimens during the 
29 days measuring period (the carbonation depth of the S50 and S70 specimens was 
almost nil, while some of the S85 test specimens showed carbonation over a few 
millimetres) and (ii) insufficient concrete compaction due to a reduced workability 
of concrete with high slag amounts (the slump decreases if the replacement level of 
cement by slag increases (slump class of S0 = S2; S50, S70 and S85 = S1)). 

Table 6.8: Apparent gas permeability coefficients (m²) in function of age, 
determined at a pressure of 2 bar for completely dry specimens, together with the 
28-day compressive strength of the corresponding concrete. 

ka S0 S50 S70 S85 
1 month 3.15·10-16 3.69·10-16 4.07·10-16 8.44·10-16 
3 months 2.92·10-16 4.05·10-16 3.89·10-16 8.60·10-16 
6 months 3.06·10-16 3.86·10-16 5.67·10-16 / 
12 months 2.47·10-16 2.88·10-16 6.77·10-16 10.28·10-16 
fc,cub, 28d S0 S50 S70 S85 
1 month 54.6 49.4 42.0 34.5 
3 months 50.1 42.7 42.0 34.5 
6 months 50.1 42.7 35.9 / 
12 months 60.3 41.7 35.9 24.4 

The change of the gas permeability in function of time was also statistically 
analysed. No significant differences could be noticed for S0 (1, 3, 6 and 12 months) 
over time. Significant differences for S50 were recorded between the results at 12 
months and those at 1, 3 and 6 months. For S70 and S85, only the values at 1 and 3 
months do not differ significantly from each other and an increase, which is rather 
unexpected, of the apparent gas permeability coefficient is recorded at later ages. 
However, it must be mentioned that comparison is difficult. Concrete specimens, 
tested at different ages, originated from different concrete batches with variable 
mechanical performance (see Table 6.8). As can be seen in Figure 6.23, the gas 
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permeability decreases with increasing compressive strength, although the 
correlation is poor (R² for a linear function = 0.61). Taking into account these 
aspects, it is difficult to draw conclusions and the apparent gas permeability 
coefficients probably will not change considerably in function of time.  
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Figure 6.23: Correlation between gas permeability and compressive strength at the 
time of testing (1, 3, 6 and 12 months).  

On the preceding pages, the gas permeability of the different concrete types was 
compared based on completely dry specimens. However, in real circumstances, 
concrete has a certain saturation degree depending on the relative humidity of the 
environment and the concrete mix design. In this section, the influence of the 
saturation degree on the relative gas permeability (6.4) is investigated for the 
different concrete mixes S0, S50, S70 and S85 at several ages (1, 3, 6 and 12 
months). In Figure 6.24, the results obtained at a pressure of 2 bar are presented but 
similar values of kr were found at pressures of 3 and 4 bar. 

0%Sa,

x%Sa,
r k

k
k

=

==  (6.4) 

Moreover, the curves are modelled based on the expression of Van Genuchten (6.5), 
and the expression of Verdier & Carcassès (6.6). The formula of Van Genuchten 
was originally applied in soil mechanics and Verdier & Carcassès adapted the model 
to be applied for cement-based materials (Verdier and Carcassès, 2004) (cited by 
(Boel, 2006)). In most of the cases, the best fit is here obtained for the model of 
Verdier and Carcassès. This is in contrast to the findings of Boel (2006). However, it 
must be taken into account that the amount of experimental results (2 or 3 per 
measurement series) is limited.  

( ) ( ) b
2

b
r S1S1(S)k −⋅−=  (6.5)   



 

Porosity and transport properties of concrete containing BFS 179 

 

( ) b2
1

b
1

r S1S1(S)k
⋅








 −⋅−=  (6.6) 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0 20 40 60 80 100

Saturation degree (%)

k r
 (

-)
S0 - 1M

S0 - 3M

S0 - 6M

S0 - 12M

model Van Genuchten

model Verdier & Carcassès

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0 20 40 60 80 100

Saturation degree (%)
k r

 (
-)

S50

 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0 20 40 60 80 100

Saturation degree (%)

k r
 (

-)

S70

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0 20 40 60 80 100

Saturation degree (%)

k r
 (

-)
S85

 

Figure 6.24: Relative gas permeability of S0, S50, S70 and S85 at 1, 3, 6 and 12 
months in function of the saturation degree, together with the best fit according to 
expressions of Van Genuchten and Verdier & Carcassès.  

While no clear trend can be found between the factor ‘b’ (in the formulas (6.5) and 
(6.6)) and the test age, the cement replacement level has a considerable effect on the 
factor ‘b’: with increasing BFS content, the factor ‘b’ of formula (6.6) decreases 
(mean value of ‘b’ for S0 = 2.08; S50 = 1.99; S70 = 1.59 and S85 = 1.37). 
Consequently, the relative gas permeability corresponding with a certain saturation 
degree is lower for mixes with low s/b ratios. In conclusion, it can be said that the 
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effect of wetting and drying of concrete on the relative gas permeability depends on 
the cement replacement level of the concrete mix.  

6.8 Discussion  

Different test methods are available to determine the pore structure of cement-based 
materials and part of these were applied during this research. However, since each 
method has its own advantages and drawbacks, none of these allow to characterize 
the ‘real’ pore structure. Nevertheless, in the following paragraphs we try to link the 
results obtained by the different test methods. 

- Effective porosity (MIP) ↔ water permeability: According to Ye (2003), 
the effective porosity (MIP) is related to the water permeability. 
Comparison between the test results obtained in section 6.3 and 6.6 (mean 
values of the water permeability coefficients) confirms this statement, 
except for S50. Remember however that no significant differences could be 
found between the water permeability coefficients of the different concrete 
types (see section 6.6) and that no repetitions of the MIP measurements 
were available. Moreover, the tests were performed on concrete of different 
age (5M ↔ 3M). 

- Oven-drying (vacuum water uptake) ↔ step-by-step desorption process 
(DVS): In Table 6.9, the mass water contents of saturated cement pastes 
(always immersed in water) relative to their dry masses are tabulated. The 
specimens were dried either in a step-by-step desorption process (DVS 
measurement with the settings as mentioned in 4.6) or in the oven at 105°C. 
The last-mentioned drying technique corresponds to the one applied in 
section 6.4 (vacuum water absorption) to determine the total open porosity. 
However, the results of section 6.1 (dynamic water vapour sorption) and 
6.4 (vacuum water uptake) are not directly comparable because different 
materials (cement paste ↔ concrete) were used.  

Table 6.9: Mass water content (%) of cement paste relative to the dry mass 
(step-by-step desorption during DVS ↔ oven-drying at 105°C). 

Step-by-step desorption CP0 CP50 CP85 
7 days 26 16* 34 

1 month 31* 24* 26* 
3 months 14* 19* 29* 
8 months 12* 23* 31 

Oven-drying at 105°C CP0 CP50 CP85 
2 days 37 40 44 
7 days 34 38 41 
14 days 33 37 40 
1 month 32 37 39 

* start mass of the specimen higher than 50 mg 

The values in Table 6.9 clearly indicate that the mass water content is 
higher for specimens which were oven-dried. Since all test specimens have 
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been immersed in water until the time of testing, the assumption that oven-
drying extracts more water than the step-by-step desorption, is confirmed 
here. Furthermore, the mass water content decreases with increasing age for 
oven-dried specimens, while no trend can be found between mass water 
content and age in case of a step-by-step desorption. Moreover, the mass 
water contents obtained for specimens with a higher start mass (saturated) 
are even smaller (in comparison to the other measurements of the same test 
series and in comparison to the mass water contents obtained for oven-dried 
test specimens), indicating that it is still more difficult to attain a state of 
equilibrium during a step-by-step desorption of these heavier test 
specimens. 

- ϕ40°C (vacuum water uptake) and ϕcap: In this paragraph, the 
correspondence between ϕ40°C (see section 6.4) and ϕcap is discussed. First 
of all, it has to be said that an estimation of the capillary porosity by means 
of drying (at ~ 40°C) and hydrostatic weighing is easy to perform and 
similar studies can be found in literature (Audenaert, 2006; Lotenbach et 
al., 2008; Baert, 2009). However, the following aspects must be taken into 
consideration:  

� After 14 days oven-drying at 40 ± 5°C, the mass loss of the cylindrical 
test specimens (ø 100 mm, h 50 mm) was less than 0.1% over 24 hours. 
Nevertheless, this does not correspond to a state of equilibrium since longer 
drying periods result in additional mass losses (1.24%, 1.75%, 1.83% and 
2.11% relative to the initial mass for respectively cylindrical (h 50 mm; ø 
100 mm) test specimens of S0, S50, S70 and S85 between 14 days and 9 
months). According to Audenaert (2006), the additional mass losses after 
3.5 years oven-drying at 40°C amount to 1.7% (relative to the initial mass) 
for self-compacting concrete cubes with a side length of 100 mm. Baert 
(2009), who performed similar studies, also found that the equilibrium state 
was not even reached after half a year. Referring to section 6.1, specific 
interactions probably occur at low RH and separation of the H2O-clusters 
from the sites can take long time. 

� The test specimens have been stored in a climate room at 20°C and > 
95% RH before they were oven-dried at a temperature of 40 ± 5°C. The RH 
in the oven was continuously registered and decreased from ~ 70% to 15 – 
20% in about 10 days. In these circumstances (40°C and 20% RH), a part of 
the gel water also dehydrated, although no equilibrium state was reached 
during the first 14 days. Consequently, ϕ40°C overestimates the capillary 
porosity (Baert, 2009). Brouwers (2005), who revisited the theory of 
Powers (Powers, 1946), states that the first water layer covering the 
hydrated cement is obtained at a RH of 20%. Moreover, a citation was 
made to Hagymassy (1969) who describes that in an environment with a 
RH of 20% about five of the six molecular gel water layers dehydrate. 
According to Baroghel-Bouny (2007), below a RH of 22.8% the average 
statistical thickness of the adsorbed water film is lower than the average 
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statistical thickness of a monomolecular adsorbed water layer, confirming 
that strongly bound water is removed from the CSH. From our test results, 
it seems however that specific interactions probably play an important role 
in the adsorption/desorption of water at low RH. 

� From the discussion above, it is not clear whether ϕ40°C underestimates, 
overestimates or equals ϕcap and which of the effects has the upper hand. 
Therefore, the porosity (d > 0.01µm) obtained from MIP measurements is 
compared with ϕ40°C in Table 6.10. As can be seen, the correspondence is 
quite good: ϕ(d > 0.01 µm) MIP is slightly lower than ϕ40°C, except for S85. 
Remark however that the MIP measurements were not validated by 
repetitions.  

Table 6.10: Comparison between the porosity (d > 0.01 µm) obtained by 
MIP and ϕ40°C (%). 

 S0 S50 S70 S85 
ϕ(d > 0.01 µm)  MIP (5M) 8.8 8.1 8.7 13.3 

ϕ40°C (6M) 9.4* 9.1* 9.2 9.6 
* not measured: interpolation between ϕ40°C at 3M and ϕ40°C at 12M 

Taking into account all the above-quoted considerations, it can be 
concluded that the measuring technique is not completely impeccable and 
ϕ40°C does not exactly correspond to ϕcap. Nevertheless, the characteristics 
(ϕ40°C and ϕ105°C) of different specimens, which were equally treated, could 
be compared with each other and the results were presented in section 6.4.  

- Specific surface area BETH2O ↔ BETN2: A lot of research articles compare 
the BET specific surface areas as obtained by water vapour (BETH2O) and 
nitrogen (BETN2) adsorption. However, the research performed here 
indicates that specific interactions probably occur in case of water vapour 
sorption. As a consequence, the BET theory is not applicable to water 
vapour adsorption isotherms and specific surface areas determined by 
BETH2O make no sense. 

6.9 Conclusion 

The influence of the replacement of cement by BFS on the pore structure of 
paste/concrete has been investigated by different measuring techniques: 

In principle, pore size distribution curves can be obtained from water vapour 
sorption, nitrogen sorption and mercury intrusion experiments. However, each of 
these techniques has its own drawbacks and neither of these methods allow to 
determine the ‘real’ pore structure. From this research, it seems that: 

- the BET theory, to calculate the specific surface area, is probably not 
applicable on water vapour sorption isotherms because of the specific 
interactions (formation of hydrogen bonds) which occur at low RH. 
Moreover, a first attempt was made to model the sorption curves based on 
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three processes which occur: specific interactions, micropore filling and 
capillary condensation in the mesopores. Furthermore, sample preparation 
and measuring procedure seem to have a significant influence, especially 
for water vapour sorption. On the one hand, severe drying techniques (as 
e.g. vacuum drying) can remove (part of the) interlayer water, which can 
however re-enter at higher RH (50 – 80% RH). On the other hand, the 
equilibration times in a step-by-step ad/desorption process have to be long 
enough. After a relatively fast initial adsorption, a subsequent significantly 
slower uptake of water can take place. Additional diffusion problems can 
be avoided by using small test specimens (< 50 mg).  

- pore size distributions obtained by nitrogen sorption and mercury intrusion 
do not correspond. Sample preparation has a considerable effect on the 
nitrogen sorption (e.g. collapse of the pore structure because of oven-drying 
/ insufficient drying) and mercury intrusion can damage the pore structure.  

- the total porosity increases with increasing BFS content. In comparison to 
OPC concrete, the portion of medium capillaries is higher in BFS concrete, 
while the portion of large and small capillaries is lower. Remark however 
that the amount of tests (MIP and N2 sorption) is limited and repetitions are 
necessary to draw definite conclusions. 

A rough estimate of the open pore structure was obtained by performing water 
absorption tests under vacuum on concrete samples which were preparatory dried at 
40°C (and ~ 20% RH) and 105°C until constant mass (mass loss < 0.1% over 24 
hours). While ϕ105°C corresponds with the total open porosity, ϕ40°C does not 
correspond exactly to the capillary porosity. Nevertheless, the results obtained for 
equally treated test specimens were compared. Although the total porosity of BFS is 
higher in comparison to OPC concrete, the pore structure is finer. The ratio of (ϕ105°C 

- ϕ40°C) over ϕ105°C increases when slag is present in the mix. Moreover, the mean 
values of ϕ40°C and ϕ105°C generally decrease slightly with time while the difference 
between ϕ105°C and ϕ40°C increases. The ratio of ϕ40°C over ϕ105°C decreases, while the 
ratio (ϕ105°C - ϕ40°C) over ϕ105°C increases with increasing age for each of the 
mixtures. 

The capillary water sorption experiments show that the uptake of water mainly 
depends on the drying procedure. Two sorptivity coefficients are obtained for the 
test specimens which were oven-dried for 14 days at ~ 40°C, mainly due to the 
difference in saturation degree between the moulding zone and the interior of the 
cube. The mass loss was lower than 0.1% over 24 hours, but no equilibrium state 
was yet obtained. For specimens which were oven-dried at 105°C (until constant 
mass), only one sorptivity coefficient could be calculated. These sorptivity 
coefficients decrease with increasing BFS in the mix. Moreover, a regime with low 
sorptivity is attained within the 14 days measuring period. All sorptivity coefficients 
decreased in function of time. 

Finally, water permeability and gas permeability tests were performed. While no 
significant differences were found between the water permeability coefficients of the 
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different concrete mixes (age = 3M), the gas permeability increased for mixes with 
increasing cement replacement levels (especially for S85). This phenomenon was 
recorded at all ages for dry concrete specimens. Furthermore, the effect of wetting 
and drying of concrete on the relative gas permeability depended on the cement 
replacement level of the concrete mix: the relative gas permeability corresponding 
with a certain saturation degree is lower for mixes with low s/b ratios. 
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Chapter 7 

Effect of BFS on the strength of concrete  

7.1 Literature review 

7.1.1 Compressive strength of BFS concrete 

The strength development of concrete containing BFS is different from that of OPC 
concrete. Whereas the early-age strength of BFS concrete is lower, the long-term 
strength of BFS concrete can exceed that of OPC concrete. In the following 
paragraphs, the effect of different influencing parameters is discussed: 

Concrete age: When OPC is partially replaced by BFS, the reaction of BFS is 
activated by the release of hydroxyl ions (NaOH, KOH, Ca(OH)2) and is initiated 
when the correct alkalinity is reached. From then onwards, the reaction of BFS with 
CH takes place and continues for a long period due to the progressive release of 
alkalis by BFS and the formation of CH by OPC. As a consequence, the initial 
hydration of BFS is very slow but strength gain carries on for a longer time for BFS 
concrete (Neville, 1995; Oner and Akyuz, 2007). Wang et al. (2007) concluded from 
their research that the strength contribution from BFS is very small at 1 day (mortars 
with s/b = 0.5 and w/b ~ 0.5), but increases significantly between 1 and 3 days. 
However, from the work of Barnett et al. (2006), it seems that the relative 
compressive strength (compressive strength at time ‘t’ relative to the ultimate 
compressive strength) of mortar cured at 20°C for 3 days is still lower for BFS 
concrete than for OPC concrete. In (Oner and Akyuz, 2007), the cube compressive 
strength of BFS concrete (s/b = 0.3 and w/b = 0.88, 0.75, 0.66 and 0.60 for binder 
contents of respectively 250, 300, 350 and 400 kg/m³) is already higher than that of 
the reference concrete after 7 days. Moreover, the strength gain between 7 and 365 
days is about 1.3 times higher for BFS concrete (with s/b = 0.3) than for OPC 
concrete. The work of Hogan and Meusel (1981) (cited by (Neville, 1995)) also 
shows that the compressive strength of BFS concrete (s/b ratios of 0.4, 0.5 and 0.65) 
is higher than the reference from the 4th - 7th day onwards. On the other hand, Khatib 
and Hibbert (2005) noticed that the use of BFS in concrete reduces the strength 
during the first 28 days, while the compressive strength of BFS concrete (w/b = 0.5 
and s/b = 0.4, 0.6) exceeds that of the control mix beyond 28 days. In (Demirboga, 
2003), the 28 days compressive strength of mortars with s/b ratios of 0.1, 0.2 and 0.3 
(w/b = 0.5) is even slightly lower than that of the reference mortar. The BFS mortars 
exceed the reference strength only between 28 and 120 days. In (Hewlett, 1998), 
similar test results can be found: at the age of 28 days, BFS concrete has a lower 
compressive strength, while at 12 months the order has changed. 

Cement replacement level: As mentioned above, the compressive strength of OPC 
concrete is higher than that of BFS at early ages but this is reversed at later ages. 
This statement is certainly true for low and intermediate cement replacement levels. 
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However, for high replacement levels, a persistent strength reduction (compared to a 
reference mixture) was noticed by several researchers. In (Khatib and Hibbert, 2005) 
and (Duran Atis and Bilim, 2007) for instance, concrete containing 80% BFS 
developed a lower strength at all ages compared to the reference concrete. 
Moreover, different studies indicate that the optimum cement replacement level, to 
obtain the highest medium-term compressive strength (at 28 or 90 days), is about 
50% (Hogan and Meusel, 1981; Meusel and Rose, 1983);(Hwang and Lin, 1986) 
cited by (Oner and Akyuz, 2007) and (Roy and Idorn, 1982); (Dubovoy, 1986) cited 
by (Neville, 1995). 

w/b ratio: Similar to OPC concrete, the compressive strength of BFS concrete 
decreases with increasing w/b ratio (0.3 � 0.4 � 0.5) at 28 and 90 days (Duran Atis 
and Bilim, 2007). Moreover, Barnett et al. (2006) recorded an increase of the 
relative compressive strength of both OPC and BFS mortars with decreasing w/b 
ratio (~ 0.60 � ~ 0.40 � ~  0.25) after curing at 20°C for 3 days. 

Curing: Curing temperature and relative humidity seem to have a significant 
influence on the strength development of BFS concrete, especially at high cement 
replacement levels.  
According to Barnett et al. (2006), the early-age strength is higher as temperature 
increases. In Neville (1995), this statement is confirmed and attributed to the higher 
solubility of alkali-hydroxides at increased temperatures leading to a higher 
reactivity of BFS. At low temperatures, the strength development is retarded (Sato 
and Masuda, 2005), especially for concrete with w/b ratios higher than 0.5 and s/b 
ratios above 0.7 (Hewlett, 1998), and it is not advised to use BFS at temperatures 
below 10°C (Neville, 1995). Furthermore, Barnett et al. (2006) recorded that the 
ultimate strength is lower for higher curing temperatures and believed that further 
hydration was prevented because of the formation of dense hydration products 
around the unhydrated particles. Moreover, since the hydration products were not 
uniformly distributed, a coarser pore structure was obtained. While Barnett et al. 
(2006) could not observe a clear trend with the cement replacement level, Neville 
(1995) mentions that the harmful effects of high curing temperatures on the long-
term strength are not that pronounced in BFS concrete (in comparison to OPC 
concrete). 
Duran Atiș and Bilim (2007) investigated the effect of dry (22°C and 65% RH) and 
wet (22°C and 100% RH) curing on the strength development of OPC and BFS 
concrete. They concluded that the influence of dry curing is more pronounced for 
BFS concrete (especially for high s/b ratios) and recorded an average reduction in 
compressive strength (compared to wet curing) of 15% and 6% for respectively BFS 
and OPC concrete. In (Neville, 1995), the importance of moist curing in case of BFS 
concrete is emphasized. Poor curing in combination with the initial slow hydration 
process of BFS can lead to evaporation of the capillary pore water which prevents 
further hydration. 

Fineness: The higher the fineness of the cement and slag, the higher the compressive 
strength (Neville, 1995). However, it seems that, for cement replacement 
percentages up to 50 – 60%, the fineness of the cement determines the early-age 
strength, while the fineness of the slag influences the strength development at later 
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ages. For higher cement replacement levels, the fineness of the slag is important at 
all ages (Hewlett, 1998). 

Chemical composition of BFS: Although some attempts were made, the effect of the 
chemical composition of BFS on the strength development is complex and not 
completely understood. In (Taylor, 1997), it is mentioned that the early-age strength 
is enhanced if the Al2O3 content of BFS is higher than 13%. However, in this case, 
the strength at later ages tends to decrease. MgO in amounts up to 11% was 
quantitatively equivalent to CaO and the presence of minor components can have a 
significant influence (e.g. MnO always has a negative effect). From the literature 
review of Papadakis et al. (2002), it seems that the active silica content is an 
important parameter. The active silica (which is non-crystalline) of supplementary 
cementing materials is involved in the CSH production and contributes to the 
strength development. Although crystalline silica exhibits low reactivity (Papadakis 
et al., 2002), a small amount (~5%) of crystalline phases in the BFS also seems to 
have a positive effect on the strength development between 2 and 28 days (Taylor, 
1997). Moreover, an increase of this percentage up to 35% only induces a small 
reduction in strength (Taylor, 1997). 

7.1.2 k-value concept 

7.1.2.1 Standardisation 

In EN 206-1 (2000) and the national supplement NBN B 15-001 (2004), the k-value 
concept for type II additions (= pozzolanic or latent-hydraulic additions) is defined. 
According to this concept, the w/c ratio may be replaced by w/(c+k·s) and the 
addition is (partly) taken into account for the minimum cement content requirement. 
For granulated blast-furnace slag, the k-value or efficiency factor can be considered 
as the part of the BFS which is equivalent with the Portland cement. The specific 
application rules for BFS are described in NBN B 15-001 (2004) and summarized 
below: 

- Ground granulated BFS shall have a technical approval ATG with 
certification and can only be used in combination with an Ordinary 
Portland cement, complying with the European standard EN 197-1 (2000) 
and having a strength class of at least 42.5.  

- The k-value amounts to 0.9, but the amount of BFS, which may be taken 
into account for the k-value concept is limited to 45% of the cement 
content. Moreover, for concrete (unreinforced) exposed to exposure class 
XF (Freeze/thaw attack with or without de-icing agents) and for reinforced 
or prestressed concrete exposed to one of the classes XF and XC3 
(Corrosion induced by carbonation – moderate humidity) or XC4 
(Corrosion induced by carbonation – cyclic wet and dry) (see section 8.1 
and EN 206-1 for more information about the exposure classes), the 
maximum BFS content, which may be taken into account for the k-value 
concept, is merely 20% of the cement content. 
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- A maximum reduction of the minimum cement content requirement (see 
EN 206-1) of [k·(minimum cement content – 175)] kg/m³ is allowed. 
However, the effective cement content (ceff = c + k·s) may never be less 
than the minimum cement content requirement of EN 206-1.  

- If higher amounts of BFS are applied, the remaining part may not be 
considered neither in the calculation of w/(c+k·s) nor for the minimum 
cement requirement. 

In the different member states of the EU, the k-values and the application rules 
deviate considerably from each other. The underlying reason is the varying 
experience in the different countries with their local slag. In (Vollpracht and 
Brameshuber, 2010), a summary is given for different countries (Table 7.1). 
According to Härdtl (2010), the intention is to revise EN 206-1 and to include 
application rules for BFS specified in EN 15167-1. 

Table 7.1: k-values and application rules for BFS in Belgium (NBN B15-001 
(2004)), Austria, Finland, France and Sweden (Vollpracht and Brameshuber, 2010).  

 k-value In combination with Allowable content 
Belgium 0.9 CEM I (strength class ≥ 

42.5) 
s/c = 0 .. 0.45 depending on the 

exposure class (see above) 
Austria 0.8 CEM I and CEM II s/c ≤ 0.33 for CEM I 

s/c ≤ 0.25 for CEM II/A 
s/c ≤ 0.11 for CEM II/B 

Finland 0.8 * All cement types **  s/b ≤ 0.8 
France 0.9 *** s/c = 0 .. 0.43 depending on the 

exposure class 
Sweden 0.6 CEM I and CEM II s/clinker ≤ 1 

* 1.0 for XA, XF1 and XF3 
**  Additions included in the cement are taken into account as type II additions to concrete 
***  no specifications with regard to the cement type are given in (Vollpracht and Brameshuber, 
2010) 

7.1.2.2 Estimation of the k-value 

Different researchers (Feret, Abrams, Bolomey, Dutron) have proposed a lot of 
strength formulas for OPC concrete which all contain the w/c-factor as parameter. 
Using the k-value concept, the effect of type II additions can be incorporated in 
these existing strength formulas. The most common approach to determine the k-
value of an addition is based on the compressive strength at 28 days (Härdtl, 2010). 
In (Vollpracht et al., 2010), the method is explained: (i) reference concrete mixes 
(without additions) with varying w/c ratios and mixes with a certain binder 
combination and different w/b ratios (test mixes) are produced, (ii) the compressive 
strength results at 28 days are plotted in function of the equivalent w/c ratio 
(w/(c+k·s)) (at first, k is assumed to be 1 for the test mixes) and the best fit linear 
curve is drawn for each of the mixes (reference mixes and test mixes (with 
addition)), (iii) the k-value is chosen so that the resulting translation brings the curve 
for the test mixes on the same straight line as the reference mixes. The procedure is 
illustrated in Figure 7.1 with a fictitious example. 
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Figure 7.1: Fictitious example to demonstrate the calculation of the k-value for a 
test mix (s/c = 0.33). 

In (Papadakis and Tsimas, 2002), strength formulas for OPC concrete (analogous to 
the general formula of Bolomey) and concrete containing supplementary cementing 
materials (SCM) are proposed (respectively Eq. (7.1) and (7.2)). In these formulas, 
w is the water content (kg/m³), c is the cement content (kg/m³), s is the SCM content 
(e.g. slag) (kg/m³), K is a parameter depending on the cement type (MPa) and ‘a’ is 
a parameter depending mainly on time and curing. This allows to determine the k-
values for different SCM’s in function of time. 
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Moreover, Papadakis et al. (2002) proposed two alternative and faster procedures to 
estimate the k-value. The first method was based on the activity index, the second 
one on the active silica content in a supplementary cementing material (SCM).  

Activity index: In (Papadakis et al., 2002), the compressive strength of a standard 
mortar mixture (M0) (w/c = 0.5; sand/binder = 3) and the compressive strength of a 
mortar mixture in which 25% of the cement is replaced by a SCM (M25) are 
determined at different ages. This allows to calculate the activity index (AI) 
according to formula (7.3), which incorporates the strength formula of Papadakis 
and Tsimas (2002).  
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Transformation of formula (7.3) leads to the expression to determine the k-value 
based on the activity index (7.4) for mixes with 25% of the cement replaced by BFS. 

( ) ( )a0.511AI41k ⋅−⋅−⋅+=  (7.4) 

Active silica: The method described in (Papadakis et al., 2002) allows to predict the 
strength in concrete containing artificial SCM’s as fly ash and slag. The reasoning 
starts from the fact that the compressive strength is linearly proportional to the CSH-
content (for ages > 28 days) (Eq. (7.5)) and uses expression (7.6), as obtained during 
earlier research of Papadakis (Papadakis, 1999; Papadakis, 1999; Papadakis, 2000), 
to calculate the final CSH-content based on the cement content (c), SCM content (s), 
weight fraction of silica in cement (fS,C) and SCM (fS,s) and γS (ratio of the active 
silica content to the total silica content in SCM). By combining formula (7.5) and 
(7.6) with the strength formula of Papadakis and Tsimas (2002) for OPC concrete 
(Eq. (7.1)), a time-dependent expression for m is obtained (Eq. (7.7)). This formula 
was validated and gave results which were in good agreement with the experimental 
values. Finally, formula (7.5), (7.6), (7.7) and (7.2) are combined to obtain the 
expression to estimate the k-value of SCM at a certain age (Eq. (7.8)). The author of 
this thesis checked the calculations and it seems that the formulas as mentioned here 
are valid if the cement content in the OPC and blended mix are equal.  
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7.2 Compressive strength tests 

Concrete cubes with a side length of 150 mm were cast and stored in the curing 
room at a temperature of 20 °C and a relative humidity higher than 95%. At an age 
of 1, 4, 7, 28 (1 month), 91 (3 months), 182 (6 months), 266 (9 months) and 364 
days (1 year), compressive strength tests were carried out according to the standard 
NBN B 15-220 (1990). The number of tests at each age varied between 2 and 33. 
The replacement percentages of OPC by BFS amounted to 0% (S0), 15% (S15), 
30% (S30), 50% (S50), 70% (S70) and 85% (S85). 

Furthermore, mortar prisms (40×40×160 mm) were produced and stored at 20°C and 
more than 95% RH. After 1 day, the prisms were demoulded and cured under water 
at 20°C until the time of testing. The compressive strength tests and flexural strength 
tests were executed according to the prescriptions of NBN EN 196-1 (2005). 

7.3 Influence of BFS on the compressive strength of 
concrete/mortar: Experimental results 

7.3.1 Concrete 

7.3.1.1 Test results 

In Table 7.2, the compressive strengths of concrete mixtures containing different 
amounts of BFS are tabulated for ages ranging from 1 to 364 days. All concrete 
cubes made of OPC (I) and BFS (I) came from the same batch and 3 concrete 
specimens were broken at each age. However, up to four batches of the same 
mixture were made with OPC (II) and BFS (II) as binder. If concrete cubes from 
different batches were tested at the same age, a larger standard deviation was 
recorded. 
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Table 7.2: Compressive strength (mean value and stdev (between brackets) in 
N/mm²) of concrete containing different amounts of BFS in function of age (days). 
(I), (II) and (III) indicate that the concrete is made respectively with OPC (I) and 
BFS (I); OPC (II) and BFS (II); OPC (III) and BFS (III). 

 1 4 7 28 91 182 266 364 
S0 (I) 21 

(0.2) 
37 

(0.1) 
41 

(1.2) 
48 

(0.9) 
51 

(0.6) 
54 

(1.3) 
58 

(2.6) 
/ 

S0 (II) / / / 51 
(3.5) 

53 
(0.8) 

52 
(1.2) 

/ 60 
(0.5) 

S0 (III) / / / 55 
(3.2) 

/ / / / 

S15 (I) 15 
(0.1) 

36 
(0.5) 

40 
(0.9) 

52 
(1.0) 

57 
(1.1) 

60 
(2.8) 

62 
(0.7) 

63 
(2.2) 

S30 (I) 12 
(0.2) 

29 
(0.4) 

35 
(0.7) 

49 
(0.7) 

57 
(3.0) 

60 
(1.9) 

61 
(0.6) 

63 
(1.9) 

S50 (I) 6      
(0) 

22 
(0.1) 

29 
(1.6) 

41 
(1.0) 

49 
(1.7) 

55 
(2.4) 

55 
(1.0) 

54 
(2.4) 

S50 (II) / / / 44 
(3.3) 

54 
(3.4) 

54 
(2.6) 

/ 55 
(0.9) 

S50 (III) / / / 42 
(1.6) 

/ / / / 

S70 (I) 3   
(0.1) 

19 
(0.8) 

24 
(0.3) 

37 
(2.0) 

42 
(2.1) 

46 
(0.3) 

45 
(3.3) 

47 
(0.7) 

S70 (II) / / / 38 
(2.6) 

46 
(7.3) 

51 
(7.1) 

/ 50 
(1.6) 

S70 (III) / / / 31 
(1.5) 

/ / / / 

S85 (I) 1    
(0.1) 

13 
(0.1) 

18 
(0.3) 

27 
(0.5) 

32 
(1.2) 

34 
(0.8) 

33 
(1.4) 

36 
(0) 

S85 (II) / / / 32 
(4.1) 

40 
(0.5) 

40 
(4.1) 

/ 41 
(4.9) 

S85 (III) / / / 25 
(1.2) 

/ / / / 

Bringing the test results together leads to the fitted curves as plotted in Figure 7.2. 
The regression of the compressive strength of the concrete cubes fc,cub (in N/mm²) in 
function of the time t (in days) was performed according to Eq. (7.9) (Taerwe, 
1997). The values of ‘s’, determined with the least squares method, are tabulated in 
Table 7.3. These values correspond rather well with those proposed in (Taerwe, 
1997) for OPC and blended cements (see Table 7.3). In CEM III/A, CEM III/B and 
CEM III/C, the s/b ratio respectively amounts to 36%-65%, 66%-80% and 81%-
95%. 
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Table 7.3: Values of ‘s’ (-) to estimate the compressive strength in function of age. 
OPC and blended cements* Slag added to the mix as separate component 
CEM I 52.5 0.23 S0 (I) 0.190 S0 (II) 0.148 

CEM I 52.5 R 0.18 S15 (I) 0.257   
CEM III/A 32.5 0.38 S30 (I) 0.325   
CEM III/A 42.5 0.38 S50 (I) 0.409 S50 (II) 0.371 
CEM III/A 52.5 0.33 S70 (I) 0.378 S70 (II) 0.397 
CEM III/B 32.5 0.45 S85 (I) 0.414 S85 (II) 0.384 
CEM III/B 42.5 0.40     
CEM III/C 32.5 0.38     

* Values obtained from (Taerwe, 1997) 
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Figure 7.2: Evolution of the mean compressive strength of the reference and BFS 
concrete in function of time (dots = average of the experimental results with their 
standard errors; line = regression curve). 

As can be seen in Figure 7.2, the compressive strength decreases with increasing 
BFS content during the first days after mixing. However, from the age of 7 and 21 
days onwards, the compressive strength of S15 (I) respectively S30 (I) is higher than 
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the compressive strength of S0 (I). The tests also indicate that, at an age of 6 - 9 
months, concrete containing 50% BFS performs equally well as the reference 
concrete. On the other hand, for replacement percentages higher than 70%, the 
compressive strength decreases strongly. To determine the corresponding strength 
class for each of the concrete mixes, the characteristic values of the cylinder 
compressive strength at the age of 28 days were calculated with formula (7.10) and 
the results are tabulated in Table 7.4. Since this formula assumes a standard 
deviation of 5 N/mm² (and the standard deviations as mentioned in Table 7.2 are less 
in most of the cases), a conservative approach is applied. As can be seen, S0 (I) 
performs as well as S0 (II), while S0 (III) belongs to a higher strength class. 
However, for mixes containing high amounts of BFS (> 50%), the lowest 
compressive strength classes are obtained for the combination OPC (III) – BFS (III). 
Furthermore, S15 (I) has a higher strength class than the reference concrete (S0 (I)), 
whereas the strength class of S30 (I) equals that of S0 (I). For higher cement 
replacement levels, lower strength classes are obtained. 

8
1.2

f
f cub,28dc,

ck,28d −







=  (7.10) 

Table 7.4: Strength class of concrete mixes containing different amounts of BFS. 
 OPC (I), BFS (I) OPC (II), BFS (II) OPC (III), BFS (III) 

S0 C30/37 C30/37 C35/45 
S15 C35/45 / / 
S30 C30/37 / / 
S50 C25/30 C25/30 C25/30 
S70 C20/25 C20/25 C16/20 
S85 C12/15 C16/20 C12/15 

7.3.1.2 k-value concept 

Since all concrete mixes in the current research were produced with the same w/b 
ratio, k-values cannot be calculated according to the method explained in 
(Vollpracht et al., 2010) and summarized in section 7.1.2. Nevertheless, k-values for 
BFS, depending on the cement replacement percentage and age, were estimated 
based on the alternative procedure as proposed by Papadakis et al. (2002). The 
procedure is described below. 

To calculate the value of ‘K’, a constant parameter depending on the cement type, 
the formula of Bolomey (Eq. (7.11)) is used (Taerwe, 1997). In this formula, ‘a’ 
amounts to 0.5 for the reference concrete at 28 days, as a result of which ‘K’ is equal 
to 31.9, 33.7 and 36.3 respectively for S0 (I), S0 (II) and S0 (III). 








 −⋅= 0.5
w

c
Kf cub,28dc,  (7.11) 
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The time-dependent parameter ‘a’ is subsequently calculated by combining Eq. 
(7.1), (7.9) and (7.11) for the reference concrete into the analytical expression given 
in Eq. (7.12). 























−⋅⋅







 −−=
t

28
1sexp0.5

w

c

w
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  a(t)  (7.12) 

Finally, the k-values for the slag are determined (Eq. (7.13)) for the above-
mentioned ages and s/b ratios. The results are shown in Figure 7.3.  
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Figure 7.3: k-values for BFS in function of time and s/b ratio for concrete with w/b 
= 0.5 and OPC CEM I 52.5 N. 

Referring to Figure 7.3, the k-values decrease with increasing BFS content, except 
for the tests at one day. At that age, the only reaction is the OPC hydration, which is 
stimulated by the presence of BFS as demonstrated in Chapter 5 and by Pane and 
Hansen (2005). Despite the recorded increase of the k-values with increasing BFS 
content, they remain low (0.5 – 0.6), resulting in a decrease of the compressive 
strength with increasing BFS content.  

After the OPC hydration has liberated a sufficient amount of lime, the correct 
alkalinity is reached to initiate the slag reaction (Hewlett, 1998). Because of the 
slower hydration of BFS, the efficiency factors are < 1 during the first days. These 
values increase strongly for mixes with low replacement percentages (< 50%) and 
reach values ≥ 1. For these mixtures, the produced CH is partly consumed by the 
slag reaction to form slag hydration products. Together with the cement hydration 
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products, they create the strength, leading towards a higher compressive strength for 
concrete with low percentages of BFS in comparison to OPC concrete.  

On the other hand, for concrete with a high replacement percentage of cement by 
slag (> 50%), the k-values are always < 1. The compressive strength is low in 
comparison to OPC concrete. Only the cement and a part of the slag can hydrate. A 
lot of unhydrated slag particles are left behind in the concrete, as demonstrated in 
Figure 7.4, a backscattered electron image of CP85 at an age of 28 months.  

 

Figure 7.4: BSE-image of CP85 (age: ~ 28 months). The whitish, angular particles 
are unhydrated slag grains. 

The effect of CH on the strength development is not well known. According to  
Oner and Akyuz (2007), CH has an adverse effect, while other researchers (Barker, 
1984) found that the contribution of CH to the strength of concrete is controversial. 
Anyway, the CH-content of concrete decreases with increasing BFS content, as 
described in section 5.1.2 and 5.2.1 and illustrated in Figure 7.5. The bright spots, 
which can be detected on the pictures obtained by optical microscopy, represent CH. 

         

Figure 7.5: Thin sections of S0, S50, S70 and S85 (age ~ 18 months) with 
indication of Portlandite (bright spots). 

Furthermore, the experimental k-values were compared with the directions drawn up 
in the Belgian Standard. According to NBN B 15-001 (2004), the efficiency factor 
has a value of 0.9 (kstandard) for a maximum slag content (slim) which amounts to 45% 
or 20% of the cement content depending on the environmental condition. If more 
OPC is replaced by BFS, the surplus may not be taken into account for the 
calculation of the ratio w/(c + k·s). For comparison with the experimental k-values 
as obtained above (which are based on the total amount of slag in the mix), the 
prescriptions of the standard were converted in order to obtain a comparable k-value 
(k’ = (kstandard · slim)/smix) for the mixes with smix higher than slim.  
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For example: for the restriction of s/c to 0.45: 
  S30: � s/b = 105 / 350 = 0.3 
           � s/c = 105 / 245= 0.43 
         � kexp = 1.07 

Since s/c ≤ 0.45, k’ = kstandard (0.9) 
 
   S50:  � s/b = 175 / 350 = 0.5 
         � s/c = 175 / 175 = 1 
         � kexp = 0.79 

kstandard may be applied for slim = 0.45 × c = 0.45 × 175 = 78.75 kg/m³ 
� k’ × 175 = kstandard × 78.75 + 0 × 96.25 
� k’ = 0.9 × 78.75 / 175 = 0.41 

For the restriction of s/c to 0.45, kstandard may be assumed for S15 and S30 and the k’-
values amount to 0.41 for S50, 0.17 for S70 and 0.07 for S85. For concrete exposed 
to more severe environmental conditions (s/c ≤ 0.2), kstandard may only be applied for 
S15, while the k’-values amount to 0.42 for S30, 0.18 for S50, 0.07 for S70 and 0.03 
for S85. Comparison between the experimental k-values at 28 days and the 
recommended values leads to the conclusion that the experimental values are 
generally higher. Consequently, the k-value approach adopted in the standard is safe 
(but there has to be a safety margin). However, the approach does not allow to apply 
higher k-values for cement-slag combinations with a higher performance. Remark 
that within EN 206-1 (and NBN B15-001) the k-value concept is defined for limited 
cement replacement, while here up to 85% of the binder consists of BFS. In fact, this 
is beyond the application limits of the k-value concept. 

Furthermore, it must be remarked that the experimental values of the current 
research are only based on compressive strength test results, while no durability 
aspects have been taken into account. Moreover, compressive strength is not always 
a good indicator for durability aspects. Therefore, Vollpracht and Brameshuber 
(2010) mention that the k-value approach can only be used for well-known additives 
and common binder compositions, while for new additives or high replacement the 
durability behaviour must also be investigated. 

7.3.2 Mortar 

7.3.2.1 Test results 

The compressive strength results for mortar prisms containing different amounts of 
BFS are presented in Figure 7.6. As can be seen, the compressive strength of BFS 
mortars decreases with increasing BFS content at first. However, after 2 to 3 
months, the compressive strengths of M30 and M50 exceed the strength of M0, 
while the compressive strength of M85 remains always lower. The highest values 
are obtained for M50 (after 3 months). This is in contrast to the findings of section 
7.3.1.1, which showed that concrete cubes made of S15 and S30 have a higher 
strength than the reference concrete, while the strength of S50 is comparable to that 
of S0 after 6 – 9 months. 



 

202 Chapter 7 

 

In Figure 7.6, the compressive strengths of mortars made with blast-furnace slag 
cements are also presented. As can be seen, the results obtained for CEM III/A 42.5 
are comparable with those obtained for M30 and M50. This is not surprising, since 
the cement replacement percentage in CEM III/A 42.5 ranges between 36% and 
65% (but is not exactly known). The same can be concluded for CEM III/C 32.5 
(slag content between 81% and 95%) and M85. For the mixes tested in this study, it 
seems that BFS, whether added as a separate component or as a component in blast-
furnace slag cement, has the same effect on the strength development. Remark 
however that the exact amount of slag in the blended cements and the characteristics 
of the slag were not known. These parameters can have a significant influence on the 
results and conclusions. 
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Figure 7.6: Evolution of the compressive strength of mortar containing different 
amounts of BFS in function of time (above: slag added as a separate component to 
the mortar mix, below: slag added as a component of cement). 

The results obtained from three-point bending tests are presented in Figure 7.7. As 
can be seen, the flexural strength at young ages (< 28 days) decreases for mixes 
containing increasing amounts of BFS (M0 > M30 > M50 > M85). At later ages, the 
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flexural strengths of M30 and M50 exceed that of M0, while M85 is comparable to 
M0. Again, the evolution of CEM III/A 42.5 corresponds quite well with that of 
M30 – M50, while CEM III/C is comparable to M85. In contrast to the compressive 
strength results, mortar prisms made with CEM III/B 42.5 (s/b = 66 – 80%) yield the 
highest flexural strength values (even higher than those of CEM I 52.5) from the 7th 
day onwards. 
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Figure 7.7: Evolution of the flexural strength of mortar prisms containing different 
amounts of BFS in function of age. 

Figure 7.8 presents the relation between the flexural strength and compressive 
strength for mortar prisms containing different amounts of BFS at ages ranging from 
1 day up to 1 year. As can be seen, the replacement of cement by BFS has no special 
effect on this relation. In (Neville, 1995) different empirical formulae, based on a 
power law function (Eq. (7.14)), are quoted to connect the compressive strength (fc) 
with the flexural strength (ffl). The values of the parameters for the best fitted curves 
are here 1.106 for k and 0.512 for n.  
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( )ncfl fkf ⋅=  (7.14) 

Moreover, it seems from Figure 7.8 that, as the compressive strength increases, the 
flexural strength also increases, but at a decreasing rate. Consequently, the ratio of 
the compressive strength to the flexural strength increases as time proceeds. At 
young ages, this ratio is lower for BFS mortar than for the reference mortar (since 
the compressive strength decreases with increasing BFS content). At later ages, the 
order changes and for mortar with low cement replacement percentages (M30 and 
M50), the ratio becomes higher than that of the reference (M0). For high cement 
replacement percentages (M85), fc/ffl remains the lowest.  
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Figure 7.8: Relation between the flexural strength (three-point bending test) and 
compressive strength (mean values) of mortar prisms containing different amounts 
of BFS.  

7.3.2.2 k-value concept 

k-values were also calculated from the compressive strength tests on mortars, 
according to the method proposed by Papadakis et al. (2002) and explained in 
section 7.1.2.2. The more general formula (Eq. (7.15)), derived from formula (7.4), 
was applied. The activity indices of M30, M50 and M85 were obtained from 
compressive strength tests according to NBN EN 196-1 (Table 7.5) and the 
evolution of ‘a’ in function of time was derived from the compressive strength test 
on the reference mixture, assuming that ‘a’ equals 0.5 at 28 days.   

( ) ( )a0.511AI
bs

1
1k ⋅−⋅−⋅+=  (7.15) 
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Table 7.5: Activity indices for mortars (OPC (I), BFS (I)) with s/b ratios of 30, 50 
and 85%. 

 M30 (I) M50 (II) M85 (II) 
2d 0.65 0.36 0.07 
4d 0.77 0.59 0.34 
7d 0.76 0.67 0.49 
28d 0.96 0.85 0.63 
91d 1.07 1.12 0.70 
266d 1.07 1.13 0.77 
364d 1.01 1.16 0.75 

The k-values obtained for mortar and concrete are presented in function of the s/b 
ratio and age in Figure 7.9. As can be seen, the correspondence between the k-values 
of BFS in mortar and concrete is quite good for cement replacement levels of 85% 
and 50% (at young ages), while a large deviation is recorded between M30 and S30. 
No clear reason could be given for this, but based on the compressive strength 
results as presented in Figure 7.2 and Figure 7.6, these results could be expected. 
Remark that the k-value of M30 (s/c = 0.43) corresponds exactly with the prescribed 
value (0.9) of the standard NBN B15-001 (2004). This indicates that the value of the 
standard is not too conservative.  
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Figure 7.9: k-values for BFS in function of time and s/b ratio for concrete (C) and 
mortar (M) with w/b = 0.5 and OPC CEM I 52.5 N. 

7.3.3 Effect of the microstructure development on the compressive 
strength 

Compressive strength and microstructure are strongly related and it seems from 
literature review that the porosity is the main influencing parameter. Moreover, a lot 
of empirical relationships (originally applied for other materials) between porosity 
(ϕ) and strength (fc) are proposed in literature (Taylor, 1997). Equation (7.16), is one 
of these formulas, which has been applied to cement pastes (Taylor, 1997) as well as 
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to concrete (Neville, 1995) (although the physical properties of concrete are only 
partly determined by those of the cement paste that it contains (Taylor, 1997)). In 
this formula, fc,0 is the hypothetical maximum compressive strength attainable and B 
is a constant. A quite similar formula was proposed by Powers (Eq. (7.17)), who 
found a relation between the compressive strength (fc) and the gel-space ratio X (= 
volume of hydration product/volume of (hydration product + capillary porosity)) of 
cement pastes. A is constant in this formula. The difference between both formulas 
((7.16) and (7.17)) lays in the fact that formula (7.16) considers unhydrated cement 
equivalent to hydration product.  

( )Bc,0c -1ff ϕ⋅=
 

(7.16) 

A
c,0c Xff ⋅=  (7.17) 

Besides the pore volume, the shape and size of the pores also seemed to be 
important factors. According to Odler and Rössler (cited by (Taylor, 1997) and 
(Neville, 1995)), the effect of pores with a diameter less than 20 nm on the strength 
is negligible. In (Taylor, 1997), it is stated that the capillary or free water porosity or 
the volume of pores above a certain size must be considered in the relation strength 
– porosity, instead of the total porosity. 

In Figure 7.10, the relationship between the compressive strength of concrete cubes 
and (1-ϕ40°C) is presented. Moreover, the porosity as obtained in MIP measurements 
is also indicated. Since the porosity of concrete specimens was only determined at 
the age of 1, 3, 6 and 12 months and the porosity (8 – 11%) as well as the 
compressive strength do not considerably change anymore in these time intervals, a 
quite good linear relation could be found between the two variables. The linear 
correlation is probably only valid in the small interval (1-ϕ40°C = 0.89 – 0.92). 
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Figure 7.10: Relation between the compressive strength of concrete cubes (side 
length = 150 mm) and (1-ϕ40°C). In addition, the total porosities obtained by MIP 
measurements are also indicated. 
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However, Figure 7.10 clearly shows that the compressive strength is not only 
influenced by the porosity (capillary porosity + air voids), but also depends on the 
type of binder. For the same value of (1-ϕ40°C), the compressive strength decreases 
as the cement replacement percentage is higher. This is possibly due to the different 
overall hydration degree of the binder or to the different strength of cement and slag 
hydration products. With the aid of the BSE results on cement pastes containing 
different amounts of BFS, this phenomenon is further investigated. For these pastes, 
(1-ϕcap) is equal to the volume fraction of (hydration products + unhydrated 
particles). Since (i) the volume fraction of (hydration products + unhydrated 
particles) can be the same, while the mutual relation between both can differ (Figure 
7.11), and (ii) mainly the hydration products contribute to the strength development, 
the divergence as recorded above can be explained.  

- CP0 ↔ CP50: At young ages, the compressive strength of S50 is lower 
than that of S0. However, at later ages, the compressive strengths of S0 and 
S50 are comparable (and even higher for S50). This is not surprising since 
the porosities and overall hydration degrees of these two mixes are roughly 
the same at these ages. 

- CP0 ↔ CP85: For OPC pastes, the volume of hydration products relative to 
the volume of (hydration products + unhydrated compounds) is higher than 
for CP85. This contributes towards the higher compressive strength of S0. 
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Figure 7.11: Volume fraction of hydration products in cement pastes containing 
different amounts of BFS in function of the volume fraction of (hydration products + 
unhydrated binder). Results from BSE image analysis. 

Figure 7.12 shows a plot of the compressive strengths of mortar / concrete against 
the volume fraction of hydration products in the corresponding cement paste. 
Irrespective of the type of binder, a power law relationship was found. This indicates 
that the volume percentage of hydration product is a better indicator than (1-ϕ) to 
predict the compressive strength of pastes containing different amounts of BFS. 
Moreover, this finding shows that slag hydration products are as strong as cement 
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hydration products. The same amount of hydration products yields the same strength 
regardless of the type of binder.  
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Figure 7.12: Relation between the compressive strength of mortar (above) or 
concrete (below) and the volume fraction of hydration products in the corresponding 
cement paste. 

Remark that the correlation coefficient between the volume fraction of hydration 
products in cement paste and the compressive strength of mortar is higher than that 
for the compressive strength of concrete. The porosity of hydrated cement in paste 
and concrete is slightly different because of the presence of coarse aggregates and 
the higher porosity of the interfacial transition zone between aggregates and matrix. 
Neville (1995) cites the work of Winslow and Liu (1990) who stated that the 
porosity of cement paste in concrete is higher than that in neat pastes. Mortars which 
contain only fine aggregates also show this effect, but to a smaller extent. In Figure 
7.12, the compressive strength of mortar / concrete was applied since no strength 
results on cement paste were available. 
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In Figure 7.13, the compressive strength of mortar and concrete (compressive 
strength converted to that of cubes with a side length of 40 mm) is compared for 
ages ranging from 1 to 365 days. As can be seen, the compressive strength of mortar 
and concrete is comparable during the first 7 days, from then onwards, mortar is 
stronger than concrete. In (Winslow and Liu, 1990), it is mentioned that the 
difference in porosity between concrete and paste (with the same w/c) increases as 
hydration proceeds. They attribute this phenomenon to the larger pores which can be 
found in concrete.  
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Figure 7.13: Comparison between the compressive strength of mortar and concrete 
(cubes with a side length of 40 mm) (OPC (I) and BFS (I)). 

7.4 Conclusion 

In this section, the compressive strength of BFS concrete and mortar was 
investigated. The test results clearly indicate that: 

- At young ages the compressive strength of BFS concrete/mortar is lower 
than that of OPC concrete/mortar. However, replacement of cement by slag 
in percentages ≤ 50% improves the compressive strength (compared to the 
reference OPC mix) at later ages. The age at which the compressive 
strength of the BFS mix exceeds that of the OPC mix depends on the 
cement replacement percentages: the lower the cement replacement 
percentage, the earlier this occurs (e.g. 7 days for S15 (I), 21 days for S30 
(I) and ~ 6 months for S50 (I)). However, a decrease of the strength with 
increasing BFS content was recorded for mixes with high cement 
replacement levels (70% and 85%), due to the limited hydration degree of 
the slag particles. 

- Irrespective of the type of binder, the same clear relationship was found 
between the volume of the formed hydration products and the compressive 
strength, but no such a relation could be found between (1-ϕcap) and the 
compressive strength. This indicated that unhydrated cement and slag 
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particles do not contribute to the strength development and may not be 
considered with regard to compressive strength. This issue is especially 
important for pastes containing very high amounts of slag, since a lot of 
unhydrated slag particles are present, also at later ages. Moreover, the 
results indicated that slag hydration products are as strong as cement 
hydration products. 

- The k-value concept as adopted in EN 206 (2000) and its national 
supplement NBN B15-001 (2004) prescribes a k-value of 0.9 for BFS. 
Moreover, restrictions concerning the maximum amount of BFS which may 
be taken into account for this concept are given. The experimental results of 
the current research (CEM I 52.5 N in combination with BFS) show that, 
with regard to concrete strength, these values are safe (remark however that 
a code should be on the safe side). At the age of 28 days, k-values higher 
than 1 were obtained for concrete in which 35% of the cement was replaced 
by BFS. At later ages (~ 6 months), concrete containing 50% slag even 
reached a k-value of 1. Also for higher replacement levels, the rules of the 
k-value concept in the standard are more stringent, due to the restrictions 
with regard to the maximum slag content. Remark however that for mortar 
mixes with a slag-to-binder ratio of 0.3, an experimental k-value of ~ 0.9 
was obtained at 28 days. This value corresponds extremely well to the k-
value given in NBN B15-001 (0.9 for s/c = 0.45). So, the code does not 
seem to be conservative in all cases. 
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Chapter 8 

Durability behaviour of concrete containing BFS: a 
literature review 

8.1 Introduction 

In order to obtain durable concrete, EN 206-1 (2000) and NBN B15-001 (2004) 
specify requirements with regard to w/c ratio, minimum cement content and strength 
classes (indicative) for different environmental conditions (Table 8.1 and Table 8.2). 
As can be seen, slight differences exist between both standards. Moreover, different 
researchers question whether these parameters really can ensure the durable 
behaviour of mixes (De Schutter, 2009). The exposure classes are defined as follows 
(EN 206-1 (2000)): 

1. No risk of corrosion or attack 
X0: For concrete without reinforcement or embedded metal: All exposures except where there 
is freeze/thaw, abrasion or chemical attack – For concrete with reinforcement or embedded 
metal: Very dry 

2. Corrosion induced by carbonation: Where concrete containing reinforcement or other 
embedded metal is exposed to air and moisture, the exposure shall be classified as follows: 
XC1: Dry or permanently wet 
XC2: Wet, rarely dry 
XC3: Moderate humidity 
XC4: Cyclic wet and dry 

3. Corrosion induced by chlorides other than from sea water: Where concrete containing 
reinforcement or other embedded metal is subject to contact with water containing chlorides, 
including de-icing salts, from sources other than from sea water, the exposure shall be 
classified as follows: 
XD1: Moderate humidity 
XD2: Wet, rarely dry 
XD3: Cyclic wet and dry 

4. Corrosion induced by chlorides from sea water: Where concrete containing reinforcement or 
other embedded metal is subject to contact with chlorides from sea water or air carrying salt 
originating from sea water, the exposure shall be classified as follows: 
XS1: Exposed to air borne salt but not in direct contact with sea water 
XS2: Permanently submerged 
XS3: Tidal, splash and spray zones 

5. Freeze/thaw attack with or without de-icing agents: Where concrete is exposed to significant 
attack by freeze/thaw cycles whilst wet, the exposure shall be classified as follows: 
XF1: Moderate water saturation, without de-icing agent 
XF2: Moderate water saturation, with de-icing agent 
XF3: High water saturation, without de-icing agent 
XF4: High water saturation, with de-icing agent or sea water 

6. Chemical attack: Where concrete is exposed to chemical attack from natural soils and ground 
water as given in table 2 of EN 206-1 (2000), the exposure shall be classified as given below. 
The classification of sea water depends on the geographical location, therefore the 
classification valid in the place of use of the concrete applies. 
XA1:  Slightly aggressive chemical environment 
XA2:  Moderately aggressive chemical environment 
XA3:  Highly aggressive chemical environment 
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In Belgium, the prescriptions of NBN B15-001 (2004) should be followed. For the 
climate conditions in Belgium, the general suitability of the cements CEM I, CEM 
II/A, CEM II/B, CEM III/A, CEM III/B, CEM III/C and CEM V/A is proven (NBN 
B15-001 (2004)). Remark however that this does not mean that these cements can be 
applied in all cases irrespective of the composition and application of the concrete 
(NBN B15-001 (2004)).  

Table 8.1: Values for composition and properties of concrete in relation to exposure 
classes based on a service life of 50 years and the use of CEM I and aggregates with 
maximum nominal upper size in the range of 20 mm to 32 mm (EN 206-1 (2000)). 

 

Table 8.2: Limiting values for concrete compositions according to the exposure 
classes (NBN B15-001 (2004)). Each concrete type is indicated by the symbol ‘T’ and a 
number which refers to the maximum w/c ratio. The letter ‘A’ indicates that there are 
requirements with regard to the minimum air content. Also a minimum cement content is 
prescribed for each of the concrete types. For extra information (and the explanation of 
remarks (indicated by (x))), we refer to NBN B15-001 (2004). 
Exposure 

class 
X0 XC1 XC2 XC3 XC4 XD1 XD2 XD3 XS1 

Concrete 
type 

T(1.00) T(0.65) T(0.60) T(0.55) T(0.50) T(0.50) T(0.50) T(0.45) T(0.50) 

Remarks x   x x     

Exposure 
class 

XS2 XS3 XF1 XF2 XF3 XF4 XA1 XA2 XA3 

Concrete 
type 

T(0.45) T(0.45) T(0.55) 
T(0.50) 

T(0.55)A 
T(0.50) 

T(0.55)A 
T(0.45) 

T(0.50)A 
T(0.55) T(0.50) T(0.45) 

Remarks x  x x x x x x x 

Concrete 
type 

T(1.50) T(1.00) T(0.65) T(0.60) T(0.55) T(0.55)A T(0.50) T(0.50)A T(0.45) T(0.45)A 

Max w/c 1.50 1.00 0.65 0.60 0.55 0.55 0.50 0.50 0.45 0.45 

Min c - - 260 280 300 300 320 320 340 340 
Min strength 

class 
C8/10 C12/15 C16/20 C20/25 C25/30 C20/25 C30/37 C25/30 C35/45 C30/37 

Req. 
concerning 
air content 

     x  x  x 
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For type II additions such as fly ash and blast-furnace slag, the rules of the k-value 
concept must additionally be taken into account. Besides, an equivalent concrete 
performance concept is defined in EN 206-1 for the attestation of the suitability of 
alternative binder systems e.g. cements with type II additions. In the Belgian 
standard NBN B15-100 (2008), this methodology is further developed: after an 
evaluation of the general suitability (if the materials are not certified), the specific 
suitability (especially durability properties and other relevant properties as e.g. 
workability, setting and hardening) is investigated. The behaviour of the ‘non-
traditional’ mixes is than compared to that of reference mixes (for a certain 
environment) and evaluated based on the criteria. 

In this chapter, a literature review is given concerning the effect of cement 
replacement by BFS on the durability behaviour of concrete. 

8.2 Resistance to organic acids 

For specific fields of application, like agricultural structures (e.g. floors in animal 
houses and silage structures) or in the food industry, concrete is exposed to highly 
aggressive organic acid attack. Liquid manure for instance is a combination of 
mainly acetic, propionic, butyric and iso-butyric acids while feed acids and silage 
effluents mainly consist of lactic and acetic acids (De Belie et al., 1997; Bertron et 
al., 2005). According to Bertron et al. (2005), the four acids in liquid manure are 
equally aggressive, while lactic acid, present with acetic acid in silage effluent for 
instance, is more aggressive according to the pKa value (dissociation constant). The 
experimental program of the current research project focuses only on degradation of 
concrete exposed to lactic-acetic acid solutions. The chemical formula of these acids 
is CH3-CHOH-COOH (lactic acid) and CH3-COOH (acetic acid). Although both 
acids are weak acids, the acceptable pH limits are higher than for strong acids: the 
acid concentration of weak acids is much higher than that of strong acids to obtain 
the same pH level (De Belie et al., 2002). The reaction mechanism with hydrated 
phases in OPC concrete can be summarized as follows: calcium hydroxide (CH) 
(which is the most vulnerable phase towards acid attack) in concrete reacts with the 
lactic-acetic acid and produces very soluble calcium salts (calcium lactate and 
calcium acetate). When these salts leach from the concrete, the porosity increases, 
the pH level in the pores drops and cement hydrates gradually become unstable. In 
the end, the whole mechanism results in a total disintegration of the material (De 
Belie et al., 1997; De Belie et al., 1997; Bertron et al., 2005).  

According to De Belie (1997), three factors seems to play an important role in the 
acid resistance of concrete: (i) the permeability, determining the extent to which 
acids can penetrate into concrete, (ii) the alkalinity and (iii) the chemical 
composition of the cement paste. Previous studies have already shown the positive 
influence of mineral additions, such as fly ash (De Belie et al., 1997; Bertron et al., 
2005) and silica fume because of the lower CH content, reduced C/S ratio in CSH 
and the refined pore structure they induce in concrete (De Belie et al., 1997; Bertron 
et al., 2005). A correct choice of aggregates and alternative binders, like in polymer 
concrete, also seems to have a beneficial effect (De Belie et al., 1998). Furthermore, 
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blast-furnace slag (BFS) cement tends to decrease concrete deterioration by acids in 
comparison with ordinary Portland cement (De Belie et al., 1998; Bertron et al., 
2004). In (De Belie et al., 1996), concrete containing CEM III showed the best 
resistance against lactic-acetic acid attack, followed by CEM II, CEM V and CEM I. 
From the work performed by Bertron (2004; 2005), it seemed that cement pastes 
made of CEM III/B 42.5N and exposed to synthetic liquid manure (pH 4 or pH 6) 
also performed better than OPC pastes. The mass loss and the altered depth were 
less for BFS pastes. Nevertheless, the altered zone in OPC paste as well as in BFS 
paste showed an almost complete decalcification and the disappearance of 
crystallized (anhydrous and hydrated compounds) and amorphous hydrated phases. 
Moreover, this zone is almost completely made of Si, Al and Fe and has a poor 
mechanical performance, but the probable formation of silica gel containing Al and 
Fe limits the kinetics of further alteration. Furthermore, for the solutions with a pH 
of 4 (and thus not for those with a pH of 6), a slight decalcification of the anhydrous 
slag particles could be observed. From different articles published by Bertron et al. 
(2004; 2005) it seems that cements containing high amounts of SiO2 and secondary 
elements as iron and aluminium, but limited amounts of CaO are more resistant to 
acid attack. 

8.3 Resistance to sulphates 

The ingress of sulphates in concrete structures can cause severe deterioration  
(cracking, spalling, increased permeability and strength loss) because of chemical 
and physical processes. The chemical reactions between sulphates and cement 
hydrated components yield the following reaction products (Liu, 2010): 

(i) secondary gypsum (CaSO4.2H2O): product of the reaction between CH 
or CSH with SO4

2- and water,  

(ii)  secondary ettringite (3CaO.Al2O3.3CaSO4.32H2O): the reaction 
product from the reaction between SO4

2-, CH, C3A or its hydration 
products and water, 

(iii)  thaumasite (CaSiO3.CaSO4.CaCO3.15H2O): formed as sulphates or 
ettringite (the exact reaction mechanism is not known) react with CSH, 
carbonate, Ca2+ ions and water, 

(iv) Brucite (Mg(OH)2), MSH (3MgO.2SiO2.2H2O) and silica gel 
(SiO2.xH2O): extra reaction products in case of MgSO4 attack. Silica 
gel exists from the continuous breakdown of CSH: the formation of 
insoluble Mg(OH)2 lowers the pH of the pore solution and as a 
consequence CSH destabilizes and CH (coming from CSH) is released 
in the solution. CH reacts again with MgSO4 and the process proceeds 
(De Belie, 2004). 

While secondary ettringite formation causes expansion and cracking, thaumasite 
formation leads to strength loss and decomposition of the microstructure. Whether 
gypsum formation results in expansion is disputed in literature (Tian and Cohen, 
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2000). El-Hachem et al. (2009) and Santhanam et al. (2003) mention that ettringite 
as well as gypsum have an expansive and destructive character, while others 
(Schmidt et al., 2009) claim that the contribution of gypsum is limited while the 
expansion of ettringite dominates. In case of MgSO4 attack, MSH causes strength 
loss and expansion while brucite forms a protective layer, which slows down the 
degradation process (Skalny et al., 2002; Higgins, 2003; Dehwah, 2007). 

A literature review concerning the mechanisms of physical sulphate attack can be 
found in the doctoral thesis of Liu (2010). Only the findings which are important for 
the current research are described below: 

(i) Salt crystallization cannot occur in the pores of hydrated cement paste: 
Because of the chemical adsorption (attraction) between the main 
hydrated phases (CSH and CH) and the salts, no film of solution can be 
formed between the pore wall and the crystal. This film is however an 
essential factor to build up the crystallization pressure since it allows 
the solute to diffuse to the crystal which is growing against the pore 
wall. If no film is present, a growing crystal (which could be nucleated 
as the energy barrier was exceeded because of alternating conditions) 
comes into contact with the pore wall, the growth stops and no 
crystallisation pressure is developed. 

(ii)  Crystallization may occur in completely carbonated cement paste: 
Since there is no chemical adsorption between the salts and CaCO3, the 
aqueous film can be formed between the pore wall and the crystal and 
crystallization pressure can be built up. 

(iii)  Crystallization of salts only occurs in concrete structures which are 
partly exposed to sulphate solutions. 

In the next section, factors which play an important role with regard to sulphate 
attack are discussed: 

- Type of cation: Sulphate ions can be combined with different cations as e.g. 
Ca2+, Na+, Mg2+, Fe3+, NH4

+. Sodium sulphate (Na2SO4) is however the 
most frequent form of sulphate in nature and besides Na2SO4, MgSO4 is the 
most common sulphate used in the studies concerning sulphate attack (Liu, 
2010). Moreover, the chemical reactions and obtained reaction products are 
different for the different cations: Na2SO4 does not affect the CSH phases 
and forms mainly ettringite and gypsum while MgSO4 also reacts with the 
CSH phases and yields ettringite, gypsum, brucite, MSH and silica gel as 
reaction products (Van Tittelboom and De Belie, 2009; Liu, 2010). In case 
of partial submersion, specimens exposed to Na2SO4 solutions can also 
show degradation because of crystallization. Thernardite (Na2SO4) and 
mirabilite (Na2SO4.10H2O) are two stable phases, while heptahydrate 
(Na2SO4.7H2O) is a metastable phase. However, different researchers take 
different views concerning the destructive effect of the different 
crystallisation products (Liu, 2010).  
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In general, expansion is observed as specimens are exposed to Na2SO4 
environments, while MgSO4 solutions induce mainly strength loss (Van 
Tittelboom and De Belie, 2009). 

- Temperature: Formerly, it was thought that thaumasite could only be 
formed at low temperatures (below 15°C (Sahu et al., 2003)). However, 
more recent laboratory and field experiments showed that thaumasite also 
appears at higher temperatures (Sahu et al., 2002; Brown et al., 2003).   

- pH: The pH of the solution seems to be important with regard to the 
formation of gypsum, ettringite and thaumasite. According to the literature 
review of Liu (2010) (i) gypsum can be formed when the pH is lower than 
12.9 and the sulphate concentration higher than 1400 mg/l, (ii) ettringite is 
stable at pH values higher than 11.5 – 12 and (iii) thaumasite becomes 
unstable when the pH decreases below 10.5. In laboratory tests, the pH and 
SO4

2- concentration of the solutions increase respectively decrease rapidly 
(Mehta, 1975). Contrarily, in real circumstances, these parameters often 
remain constant. Since the pH has an important influence on the reaction 
mechanism, some researchers prefer to maintain the pH of test solution 
constant (Mehta and Gjorv, 1974; Mehta, 1975; Brown, 1981; Ferraris et 
al., 1997). Moreover, Ferraris (1997) found that the attack process is 
accelerated in a constant pH solution.  

- SO4
2- concentration: In ground water, the maximum measured SO4

2- 
concentrations range between 6000 ppm (EN 206-1) and 10 000 ppm (ACI 
C 318-08). Sulphate attack in laboratory tests are however often accelerated 
by increasing the SO4

2- concentration of the solutions: e.g. in ASTM 
C1012-04 the SO4

2- concentration is 33.8 g/l while the Wittekindt and SVA 
procedure (Verein Deutscher Zement Werke (VDZ), 2002) prescribe both a 
SO4

2- concentration of 29.8 g/l. The problem with these accelerated tests is 
that the degradation mechanism can change depending on the concentration 
(Cohen and Mather, 1991). At high Na2SO4 concentrations (> 8000 ppm 
SO4

2-), the formation of gypsum is favoured, while at low concentrations (< 
1000 ppm SO4

2-) ettringite is preferentially formed. For MgSO4 solutions, 
ettringite is also produced at low concentrations (< 4000 ppm SO4

2-), 
ettringite and gypsum both arise at intermediate concentrations (4000 – 
7500 ppm SO4

2-) and Mg corrosion dominates at high concentrations (> 
7500 ppm SO4

2-) (Cohen and Mather, 1991) and (Biczok, 1967) cited by 
(Van Tittelboom et al., 2010).  

- Degradation measure: An overview of the available (accelerated) test 
methods is given in (Van Tittelboom and De Belie, 2009). This shows that 
the tests differ with regard to specimen size, curing, sulphate concentration, 
measuring time, …  . Moreover, different test methods apply different 
degradation parameters (expansion, flexural strength, weight, etc.) to 
determine whether the mix is sulphate resistant. From the literature review 
of Van Tittelboom (2009), it seems however that no single parameter is 
sufficient to characterize the degradation: the different reaction products 
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cause different effects and the choice of the parameter can lead to different 
conclusions. To obtain a more complete view, different degradation 
measures must thus be considered. 

- Ingress of sulphate solutions: With regard to external sulphate attack, the 
permeability of the concrete seems to be of great importance. Whether 
permeability or the chemical composition of the binder is the most 
important parameter remains however the question. Anyway, poor quality 
concrete is more vulnerable to sulphate attack (Liu, 2010).  

- Cement type and additions: Ordinary Portland cement containing a low 
amount of C3A (HSR – high sulphate resistant cement) was originally 
developed to increase the resistance to sulphate attack. However, field 
studies have shown that concrete structures made with this sulphate 
resistant cement can also suffer from sulphate attack (Liu, 2010). Besides 
C3A, the role of C3S and C4AF seems to be important (Liu, 2010). 
Moreover, different studies indicate that the addition of fly ash, silica fume 
or blast-furnace slag can significantly improve the sulphate resistance. This 
phenomenon is attributed to the reduced permeability and the different 
chemical composition of the binder (low C3A content). According to 
ASTM C 989-06, replacement of cement by BFS reduces the C3A content, 
CH content and the permeability. Brown et al. (2004) showed that the 
replacement of cement by slag reduces the degradation due to sulphate 
attack and attributed this positive effect to the dense microstructure. The 
length change and penetration depth of sulphates in BFS concrete with s/b 
ratios of 0.45 and 0.72 was significantly reduced in comparison to OPC 
concrete and even in comparison to concrete containing blast-furnace slag 
cement (ASTM V), but no significant mutual differences could be found 
between both BFS concrete mixtures. While Brown et al. (2004) showed 
the effectiveness of BFS in case of Na2SO4 and MgSO4 solutions, other 
researchers like Higgings (2003) and Taylor (1997) mentioned a higher 
effectiveness of BFS in case of Na2SO4 solutions. Rozière et al. (2009), 
who investigated the sulphate resistance of mortars with a s/b ratio of 0.62 
(slag cement but also separate addition of BFS) according to ASTM C 
1012, also recorded a reduced expansion in comparison to OPC mortar. 
From this research, it seemed moreover that an increase of the w/b ratio has 
no significant influence on the expansion for the samples containing 62% 
BFS. Higgins (2003) found also that the addition of small percentages of 
CaSO4 or CaCO3 to BFS concrete improves the sulphate resistance. 
Different mechanisms to explain this phenomenon were discussed (e.g. 
binding of alumina in primary ettringite (which is not disruptive) in case of 
high amounts of CaSO4 in the slag (+ for high slag contents: binding of 
alumina in CSH and limited release of alumina because part of the slag 
remains unhydrated) and reduction of the decalcification of CSH due to the 
supply of Ca2+ ions by CaSO4 or CaCO3) but Higgins concluded that more 
research was needed to explain the mechanism.   



 

222 Chapter 8 

 

Contrarily, other studies show that the effect of additions is not always 
positive. It depends on the alumina content (the lower the content, the 
higher the resistance) (Taylor, 1997) and the degree of immersion (Liu, 
2010). It seems that BFS concrete which is completely immersed in the 
sulphate solution performs better than OPC concrete, while the reverse is 
the case for partial immersion (Liu, 2010). The part of the concrete which 
was not immersed suffered most from sulphate degradation (mainly salt 
crystallization). Furthermore, thaumasite formation can be favoured in case 
of cement replacement by BFS (Nobst and Stark, 2003).  

The above-described discussion clearly indicate that the process of sulphate attack is 
very complex and depends on many factors. Since the conditions in laboratory tests 
can considerably deviate from field situations and those in other laboratory tests, the 
results must be carefully interpreted.  

8.4 Chloride ingress 

Chlorides in concrete are very harmful because of chloride-initiated corrosion: the 
passivating layer on reinforcement bars, which is formed in high alkaline 
environments (pH between 9 and 14) and which inhibits further corrosion of the 
steel, can be affected by the ingress of chlorides (De Belie, 2004). Corrosion of the 
reinforcement (propagation phase) starts then once the chloride content at the steel 
surface has reached a certain threshold value (and the initiation phase has ended). 
This principle is illustrated in Figure 8.1 and shows that two criteria are applied (and 
mixed up in literature) to define the critical chloride content: definition 1 is directly 
related to the depassivation of the steel, while definition 2 is related to a visible or 
‘acceptable’ deterioration. Since bound chlorides (see below) cannot initiate 
corrosion, several researchers express the critical chloride concentration by the use 
of free chloride contents (relative to the weight of cement, binder or concrete), 
instead of total chloride contents (relative to the weight of cement, binder or 
concrete). Other researchers who disagree with this approach (since the bound 
chlorides, which can be released again due to e.g. changes in temperature, changes 
in pore solution chemistry or carbonation, are otherwise ignored) claim to use the 
total chloride content all the same. Other forms to express the critical chloride 
concentration are the free chloride ion concentration (in (Cl-)/(OH-) molar ratio  or 
mol/l) or the total chloride content relative to the acid neutralisation capacity 
((Cl-)/(H+) molar ratio). The former indicates that the critical chloride concentration 
will be faster attained for decreasing pH values. For more details concerning the 
critical chloride content in reinforced concrete, we refer to the review article of 
Angst et al. (2009). 
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Figure 8.1: Relation between the chloride concentration at the reinforcement and 
the degree of corrosion (Angst et al., 2009). 

The corrosion process in presence of chlorides is schematically shown in Figure 8.2. 
As can be seen, a macro cell is formed and the anode reactions (8.1) take place 
locally. Since chloride ions are regenerated, the chloride concentration at the anode 
increases and corrosion proceeds. This process is called pitting and causes a local 
reduction of the diameter of the reinforcement bar.  
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Figure 8.2: Chloride-induced corrosion process (CUR Report 172 (1998)). 

Chlorides mainly penetrate into concrete by capillary suction and diffusion. 
Therefore, porosity seems to be an important parameter for chloride ingress. A dense 
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microstructure complicates diffusion of Cl- - ions and slows down capillary suction. 
Because BFS concrete seems to have a finer pore structure, the penetration depth is 
lower and chloride induced corrosion is delayed in comparison to OPC concrete. In 
(Luo et al., 2003), it is shown that the pore structure of OPC concrete is greatly 
improved when 70% of the cement is replaced by BFS.  

Moreover, part of the total amount of chlorides, which penetrate into concrete, are 
bound to the hydration products. Chloride binding has a positive influence regarding 
durability: (i) the total amount of free chlorides, which initiate corrosion, are 
reduced, (ii) penetration of chlorides is slowed down and (iii) Friedels salt 
(3CaO.Al2O3.CaCl2.10H2O), which compacts the structure, is formed (Glasser et al., 
2008). Besides chemical binding (reaction between chloride ions and C3A or C4AF), 
physical binding caused by the adsorption of chloride ions to the CSH surface 
occurs (Yuan, 2008). Moreover, external and internal chlorides differently affect 
chloride binding. Other parameters, which influence binding of chlorides are 
summarized below:  

- Chloride concentration: Each cement type has a maximum chloride binding 
capacity. Below this limit, the free and bound chloride content both 
increase as the external chloride concentration is increased. Once the limit 
has been reached, only the free chloride concentration increases (Delagrave 
et al., 1997; Izquierdo et al., 2004; Yuan, 2008). 

- Cement type: The chemical binding capacity increases as the cement 
contains more Al2O3 or Fe2O3. Whereas alumina-bearing phases are related 
to chemical binding of chlorides (Delagrave et al., 1997; Alonso et al., 
2002; Izquierdo et al., 2004; Barberon et al., 2005; Angst et al., 2009), 
physical binding depends on the CSH-content ((Tang and Nilsson, 1993), 
cited by (Angst et al., 2009)). Moreover, the C/S ratio of the CSH seems to 
play an important role: the binding capacity is reduced for lower C/S ratios 
(Beaudoin et al., 1990). Zibara (2001) found that SO3 has a negative 
influence on chloride binding, especially at low chloride concentrations, 
since C3A and its hydration products preferentially react with sulphate ions 
((Holden et al., 1983) cited by (Yuan, 2008)). However, as the chloride 
concentration increases, monosulphate and ettringite, which are the reaction 
products of SO3 with C3A or C4AF, can transform to Friedel’s salt (Zibara, 
2001).  

- Replacement of cement by additions: The replacement of cement by blast-
furnace slag, fly ash or silica fume has a positive influence on the binding 
capacity (Tang, 1996; Zibara, 2001; Izquierdo et al., 2004; Angst et al., 
2009). The use of BFS increases the chemical (Dhir et al., 1996; Luo et al., 
2003) as well as the physical binding of chlorides (Arya et al., 1990). The 
calcium aluminate hydrates, which are formed during the hydration of BFS, 
can transform to Friedel’s salt (Dhir et al., 1996; Luo et al., 2003) and the 
large amount of CSH gel provides a high surface area for adsorption of 
chloride ions. According to Xu (1997), the higher binding capacity of slag-
cement would be due to the dilution effect of sulphate ions. He found that 
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the higher binding capacity disappears when the sulphate level in slag 
cement paste is increased up to that of OPC paste.  Furthermore, Luo et al. 
(2003) also mention that sulphates greatly reduce the binding capability of 
BFS. They concluded that the lower content of sulphate of BFS is one of 
the reasons for the better performance of BFS concrete towards chloride-
induced corrosion. Contrarily to all of this, the experiments of Yuan (2008) 
did not show a higher binding capacity for BFS concrete in comparison to 
OPC concrete. In the current research, additional tests will be performed on 
concrete containing high amounts of BFS, following the measuring 
procedure of Yuan (2008). 

- Cation: The percentage of bound chlorides depends on the type of salt. 
NaCl yields a higher amount of free chlorides and a lower amount of bound 
chlorides in comparison to CaCl2 or MgCl2 (Delagrave et al., 1997; Yuan, 
2008; Angst et al., 2009).  

- Alkalinity of the concrete: The higher the pH, the lower the bound chloride 
content is (Tang, 1996; Alonso et al., 2002; Yuan, 2008) since the degree of 
competition offered by OH- is higher. Dhir (1996) mentions an increase of 
the binding capacity as the chloride concentration increases for pastes 
containing different amounts of BFS (s/b = 0, 0.33, 0.5, 0.67) and attributed 
it to the sensitivity of the chloride binding capacity to the Cl--to-OH- ratio 
in the pore solution. 

- Carbonation: Carbonation, which reduces the pH, induces a release of the 
chemically bound chlorides into the pore solution (Suryavanshi and 
Narayan Swamy, 1996). Moreover, the decomposition of CSH and the 
reduced porosity lead to a decreased physical binding.  

- Temperature: The amount of bound chlorides decreases with increasing 
temperatures, due to the increased thermal vibration of the adsorbates 
(physical adsorption ↓) and the increased solubility of Friedel’s salt (Yuan, 
2008). Zibara (2001) confirmed this statement for low chloride 
concentrations (< 0.1 mol/l), but found the opposite relationship for high 
concentrations (3 mol/l).  

- Electrical field: Migration tests which force the chloride ions into the 
concrete under the influence of an electrical field are frequently applied in 
laboratory testing because of the short test duration. In this case, transport 
of chloride ions is very quick and binding cannot be completed. Research 
performed by Castellote et al. (1999) showed that the binding behaviour 
differs for natural diffusion tests and accelerated migration tests, but that 
the influence depends on the chloride concentration: no binding was 
recorded during the non-steady state migration tests for chloride 
concentrations in the sample lower than 0.14%, while for higher 
concentrations, the bound chloride content was lower than expected. 
Ollivier et al. (1997) (cited by (Yuan, 2008)) concluded from their 
experiments that a voltage of 2 – 30 V does not affect the binding. 
However, this finding does not exclude that an electrical field below 2 V 
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already affects the chloride binding (Yuan, 2008). The effect of an 
electrical field on the chloride binding for concrete containing BFS is not 
completely understood until now. 

- w/b: Lower w/b ratios cause a decrease of the chloride binding (Delagrave 
et al., 1997; Angst et al., 2009). A change of the binding capacity in 
function of the water-to-binder ratio was also noticed by Yuan (2008) for 
BFS concrete. 

- Other factors: presence of sulphate ions (see also ‘cement type’), cement 
content, age, etc. 

A lot of test methods are applied worldwide to extract and analyse the total and 
water-soluble chloride content. An overview of existing procedures can be found in 
the Round-Robin test report on chloride analysis in concrete, carried out by the 
Technical Committee RILEM TC 178-TMC (Castellote and Andrade, 2001; 
Castellote and Andrade, 2001) and the AFREM ‘Durability – chloride penetration in 
concrete’ group (Chaussadent and Arliguie, 1999). The total chloride contents are 
generally extracted by an acid-solution, while the water-soluble chlorides are 
extracted by leaching with water. Remark that the determination of the water-soluble 
chloride content is complicated since the ratio of the bound-to-free chlorides evolves 
with time and temperature (TC 178-TMC, 2002). The recommended test procedures, 
based on the round-robin tests, are described in (Chaussadent and Arliguie, 1999; 
TC 178-TMC, 2002; TC 178-TMC, 2002). The free chloride content, which 
corresponds to the chloride content in the pore solution, can best be obtained by 
squeezing concrete samples at high pressures. Since this technique is complex and 
difficult, methods based on leaching (with distilled or alkaline water) are frequently 
used as alternative. However, the water-soluble chloride content generally 
overestimates the free chloride content since part of the bound chlorides are also 
extracted (Castellote et al., 2001). Therefore, a relationship between the water-
soluble chloride content and the free chloride content has to be established. In 
(Yuan, 2008), a literature review is given, which reveals that linear and power law 
functions are generally applied to express the relation. However, since the amount of 
chlorides extracted by water is influenced by many factors (e.g. water-to-solid ratio, 
temperature, particle size, leaching time and solvent), it is emphasized that for each 
procedure an own regression between free and water-soluble chloride contents had 
to be drawn. Yuan (2008) found a linear relationship (Eq. (8.2)) between the free 
chloride content (cf) (pore expression method) and the water-soluble chloride 
content (cws) as determined according to the procedure described in (Yuan, 2008). 
While the water-soluble chloride content can overestimate the free chloride content, 
acid-soluble chloride content can underestimate the total chloride content (Glass et 
al., 1996). From the literature review of Angst et al. (2009), it seems that the acid 
extraction technique cannot completely dissolve all the chlorides from the powder 
samples. They mention that maximum 70% (up to 90%) of the true content can be 
extracted. 

wsf c0.8c ⋅=  (8.2) 
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An easy method to determine the ingress of chlorides in concrete is the colorimetric 
method: a 0.1 N AgNO3 solution is sprayed on a freshly broken surface and the 
colour change boundary (white (due to precipitated AgCl) ↔ black (‘no chloride 
zone’)) indicates the chloride penetration front (Meck and Sirivivatnanon, 2003). 
Nevertheless, no consensus can be found in literature concerning the chloride ion 
concentration corresponding to the colour change boundary. Meck and 
Sirivivatnanon (2003) give an overview of published data and most of the values, 
mentioned below, show a high coefficient of variation: 

- A soluble chloride concentration of 0.15% by weight of cement (Otsuki et 
al., 1992). This value was quite constant for the investigated pastes, mortars 
and concrete with different w/c ratios. 

- A total chloride content of 0.4 – 0.5% by weight of cement for pastes, 0.8% 
for mortar and 0.5% for concrete (Otsuki et al., 1992). 

- A free chloride content of 0.01% by weight of cement (Collepardi, 1995). 
- A total chloride concentration of 1.13% by weight of cement or 0.18% by 

weight of concrete for concrete made with different binders (Andrade et al., 
1999). 

- A water-soluble chloride content of 1.2% by weight of binder (minimum 
0.84%, maximum 1.69%) (Sirivivatnanon and Khatri, 1998). 

- A soluble chloride content of 0.9% by weight of binder or 0.12% by weight 
of concrete (minimum 0.28%, maximum 1.41% by weight of the binder) 
(Meck and Sirivivatnanon, 2003). Meck and Sirivivatnanon (2003) also 
investigated concrete with high proportions of BFS.  

Besides, Yuan and Baroghel-Bouny also give water-soluble chloride concentrations 
at the colour change boundary ranging from 0.12 to 1.096 mass % binder (Yuan, 
2008), respectively 0.1 to 0.4% (Baroghel-Bouny et al., 2007).  

As can be concluded, a high variability of the water-soluble and total chloride 
contents at the colour change boundary are found by different researchers. Besides, 
NT Build 492 assumes a chloride concentration at which the colour changes of 0.07 
N for OPC concrete. No values are prescribed for concrete containing BFS, fly ash, 
etc. In this research, this topic will be investigated more in detail for concrete 
containing (high amounts of) BFS.  

8.5 Resistance to freezing and thawing in combination with de-
icing salts 

Concrete structures exposed to the combined action of frost and de-icing salts 
undergo a superficial degradation, with the removal of small chips or flakes from the 
surface, which is called (frost-) salt scaling. The underlying mechanisms is however 
not completely understood. In a review article of Valenza II and Scherer (2007) 
different mechanisms (related to internal crystallization, the role of salt and glue 
spalling) are discussed and criticised. Two possible causes of damage that are 
refuted are given below: 
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(i) Hydraulic or crystallization pressure: If hydraulic or crystallisation 
pressure would be the cause of salt scaling, pure water should yield the 
highest degradation (because the amount of ice is inversely 
proportional to the salt concentration). This is not the case, as several 
researchers claim that the pessimum solute concentration is ~ 3%. 
Moreover, these mechanisms do not account for the lack of damage 
when the pool of solution is missing from the surface.  

(ii)  Thermal shock effect: De-icing salts applied to an ice-layer reduce the 
melting point below the ambient temperature. Since melting is an 
endothermic process, heat is consequently withdrawn from the 
concrete surface layer. The internal stresses which arise from the 
temperature difference between the top layer and the underlying 
concrete cause superficial cracking. Valenza II and Sherer (2007) 
refute this mechanism since the thermal shock cannot be large enough 
to results in destructive stresses. 

According to Valenza II and Scherer, glue spalling seems to give the only plausible 
explanation. According to this mechanism, a decrease of the temperature of the 
composite material (concrete + frozen solution) below the freezing point of the 
solution induces tensile stresses and consequently cracking of the ice layer since the 
ice layer tended to contract much more than concrete layer (the coefficient of 
thermal expansion of ice is about 5 times higher than that of the cement stone and 
the coefficient of thermal expansion of concrete is ~ 1.2·10-5/K (Clement, 2009)). 
The cracks in the ice layer penetrate the underlying concrete and propagate into a 
path parallel to the concrete surface, leading to superficial damage. A lot of 
researchers do not agree with the view of Valenza II and Sherer and accept the more 
common theories to explain the frost-salt attack mechanism. According to Apers 
(2006), the thermal shock effect (as explained above) first causes superficial 
cracking. Once the ice is defrosted, capillary suction of water containing de-icing 
salts, can induce a reduction of the freezing point. Since the temperature of concrete 
increases, while the freezing point reduction decreases with depth, two frozen layers 
can be separated by a non-frozen layer. When the water in this intermediate layer 
also becomes frozen because of a further decrease in temperature, no space for 
expansion is available and scaling of the surface layer appears.  

In literature it is generally accepted that the resistance of BFS concrete to frost-salt 
attack is inferior to that of OPC concrete. However, this straightforward view is 
nuanced by several authors. Bleszynski et al. (2002) compared laboratory and in-situ 
tests and concluded that the performance of BFS concrete (containing up to 33% 
BFS) is satisfactory under frost-salt attack at outdoor exposure sites. Chidiac and 
Panesar (2008; 2009) showed that, at an age of 2 years, the scaling mass losses (after 
50 freeze-thaw cycles) decrease as the cement replacement level increases up to 
40%. For higher BFS percentages, the resistance decreases and the performance of 
concrete with s/b ratios of 0.6 (w/b = 0.38) is worse than that of the reference. They 
emphasized that the age of BFS concrete plays an important role, since they also 
recorded a decrease of the frost-salt scaling resistance with increasing BFS content 
(w/b = 0.31) at 28 days. Between the age of 120 days and 2 years, a decrease of the 
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mass losses was recorded for BFS concrete (w/b = 0.38) with s/b ratios of 0.4, 0.5 
and 0.6, while an increase was recorded for the reference concrete and concrete with 
a s/b ratio of 0.25. According to Stark and Ludwig (1997), a significant reduction of 
the resistance at 28 days is recorded for cement replacement percentages of 55% and 
higher. For replacement levels lower than 45%, BFS concrete performed even better 
than OPC concrete. They attributed this phenomenon to an inadequate distribution 
of air voids and a higher capillary suction at the surface of concrete containing high 
amounts of BFS. Moreover, Knaack and Stark (1997), but also Wiebenga (1985) 
(cited by (Deja, 2003)) and Bolideau and Malhotra (1993) (cited by (Valenza II and 
Scherer, 2007)) noticed that after an initial quick scaling, the scaling rate decreases 
significantly for BFS concrete. In (Wiebenga, 1985), the resistance of BFS concrete 
becomes even higher than that of OPC concrete. In the literature review of  
Giergiczny et al. (2009), it is mentioned that the discrepancies concerning the effect 
of BFS on the salt-scaling resistance can be related to the way of BFS addition. It is 
however not mentioned whether addition of slag as a separate component to the mix 
or as a component in blended cement yields the highest resistance to frost-salt 
attack. 

In literature, different reasons are proposed to explain the worse performance of BFS 
concrete by freezing a saline solution on its surface: 

(i) Air content and effectiveness of air-entraining agents: According to 
Deja (2003), BFS concrete without air-entraining agent has a 
considerable lower air content than OPC concrete. Addition of air-
entraining agent, improves the concrete’s resistance against salt 
scaling, but the effectiveness of air-entraining agent in fresh mixtures 
is much lower for concrete containing slag. The difficulties associated 
with the interaction between air-entraining agent and BFS concrete 
were also noticed by other researchers (Stark and Ludwig, 1997; 
Giergiczny et al., 2009) and further research is necessary to explain 
these findings. 

(ii)  Surface layer: Many studies (as mentioned above) have shown that the 
scaling rate of BFS concrete is much higher than that of OPC concrete 
during the first freeze-thaw cycles. Since this phenomenon was not 
related to the strength, it was attributed to a weak surface layer 
(Valenza II and Scherer, 2007; Giergiczny et al., 2009). This weak 
surface layer was formed because of bleeding: the actual w/c ratio in 
BFS concrete is higher (w/c > w/b) leading to more bleeding and this 
phenomenon increases as the s/b ratio increases (Valenza II and 
Scherer, 2007). Moreover, BFS concrete is more vulnerable to 
carbonation attack (see section 8.6). In contrast to the effect in OPC, 
carbonation of BFS concrete results in a coarser pore structure: 
aragonite and vaterite, which are more soluble than calcite, are formed 
and decalcification of the CSH occurs. As a consequence, the scaling 
resistance of BFS concrete is reduced after carbonation (Valenza II and 
Scherer, 2007; Sisomphon et al., 2010). 
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8.6 Carbonation 

Besides chloride-initiated corrosion, the ingress of CO2 can also induce corrosion, 
called carbonation-initiated corrosion. During the carbonation reaction (8.3), the CH 
phase is primarily attacked, hydroxyl-ions are withdrawn from the pore solution, the 
pH decreases and the steel rebars are no longer passivated when the pH becomes 
lower than 9.  

OH2CaCOCOHCa(OH)

COHOHCO

23322

3222

⋅+→+
→+

 (8.3) 

In BFS concrete, the amount of CH is limited. Therefore, it is likely that CO2 also 
affects the other phases (especially CSH phases, but aluminate hydrates, ferrite 
hydrates and sodium and potassium ions can also react with CO2). Nevertheless, 
Borges et al. (2010) recorded that in pastes containing 75% BFS, the CSH 
carbonation is still buffered by CH, while this is not anymore the case in a paste 
containing 90% BFS. The reaction mechanism associated with CSH carbonation is 
described by formula (8.4) and shows that CSH decomposes, while a porous silica 
gel is formed. Since the formation of silica gel results from a condensation of Si-OH 
groups to Si-O-Si linkages and thus polymerisation of the silicate chains in CSH, 
this reaction is accompanied by carbonation shrinkage. Moreover, it seems that low 
C/S ratio CSH forms more silica gel when CH is not available ((Suzuki et al., 1985) 
cited in (Borges et al., 2010)). According to Borges et al. (2010), decalcification of 
CSH is also associated with the formation of amorphous calcium carbonate, which is 
converted to aragonite (a polymorph of calcite) as free silica is formed. From the 
literature review of Valenza II and Scherer (2007), it seems that carbonation of BFS 
concrete leads to the formation of aragonite and vaterite, which are the more soluble 
polymorphs of calcite. In (Borges et al., 2010), it is mentioned that aragonite and 
vaterite are mostly associated with respectively CSH and CH carbonation. In (Thiery 
et al., 2007), it is stated that CH carbonation precipitates well-crystallised calcite, 
while the amorphous and metastable (vaterite and aragonite) polymorphs are 
reaction products of CSH carbonation. According to Thiery et al. (2007), the 
different CaCO3 phases decompose at different temperatures (550-680°C: 
amorphous phases; 680-780°C: aragonite and vaterite; 780-990°C: well crystallized 
calcite) and the higher the level of carbonation, the more unstable phases will be 
found.  

For BFS concrete, the resulting effect of carbonation is thus a coarsening of the pore 
structure (Valenza II and Scherer, 2007; Sisomphon et al., 2010). Borges et al. 
(2010) mention a reduced overall porosity (due to pore filling by carbonates), but an 
increased permeability (due to carbonation shrinkage and cracking) for BFS pastes 
after carbonation. Finally, it is generally accepted that carbonation of OPC concrete 
yields a denser microstructure because of the formation of voluminous calcite, 
which overcompensates the shrinkage induced by CSH decomposition (Sisomphon 
et al., 2010).  
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Besides, the permeability of concrete to CO2 ingress is very important and 
determines whether carbonation-initiated corrosion is a risk for the structure. For 
OPC pastes, a denser microstructure is obtained after carbonation and the further 
ingress of CO2 can thus be prevented. However, for highly permeable concrete, it is 
possible that the pore filling is not sufficient to prevent further deterioration. In case 
of BFS concrete, carbonation tends to facilitate the penetration of CO2. Therefore, 
lowly permeable concrete and a sufficient amount of CH to buffer CSH 
decomposition are desirable to hinder carbonation-initiated corrosion (Borges et al., 
2010). Finally, the rate of carbonation also depends on the climate conditions: 
optimal conditions for carbonation corresponds with a relative humidity between 
50% and 60% (Papadakis et al., 1991; Rougeau, 1997 cited in Rozière et al., 2009), 
while diffusion of CO2 is considerably slowed down at relative humidities higher 
than 70% (Audenaert, 2006). 

8.7 Alkali-silica reaction (ASR) 

ASR is the reaction between reactive silica (present in certain aggregates) and alkali 
hydroxides in the pore water, giving alkali-silica gel as reaction product. Since 
alkali-silica gel (Na2SiO3·nH2O) can attract water and consequently swells, internal 
stresses can cause the formation of cracks (internal micro cracks coming from all 
sides and surface cracks (map pattern), connected with the interior). However, the 
harmful consequences only occur provided that the following elements are available 
in a pessimum (unfavourable) concentration:  

- Reactive silicious aggregates: The reactivity of aggregates depends on the 
crystallinity (non-crystalline or cryptocrystalline silica are the most 
reactive) and the particle size and shape. The pessimum concentration 
corresponds to the concentration of reactive silica which yields the highest 
expansion. Below the pessimum concentration, the reaction is non-
destructive. However, above this concentration, the concrete is neither 
degraded because an insufficient amount of alkalis is available per silica 
grain.  

- Alkalis in the pore water: Alkalis are present in cement, but can also come 
from aggregates, water, additives or additions. Although the alkali content 
in cements (0.6%) and concrete (3-5 kg/m³) is restricted to prevent ASR, 
alkalis can also be supplied by external sources (e.g. sea water, de-icing 
salts, …). 

- Availability of water: Alkali-silica gel needs water to swell and to exert an 
internal pressure within the concrete. Therefore, the relativity humidity has 
to be higher than 80 – 85%.  
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From the literature review of Ferández-Jiménez (2002), it seems that some 
researchers (Chatterji et al., 1988; Davies and Oberholster, 1988) point out that 
sufficient Ca2+ ions are also required for ASR and that the resulting gel 
(n1Na2O.n2CaO.n3SiO2.n4H2O (Plum and Poulsen, 1958)) will have an expansive 
character depending on the content CaO. The Ca2+ ions are supplied by Ca(OH)2 (in 
OPC paste) and the absence of Ca(OH)2 is positive to reduce the possibility of ASR. 

Furthermore, the permeability of concrete seems to be one of the most influencing 
parameters, besides temperature, hydration heat, temperature gradients, exposure 
condition, the addition of air entrainer and the presence of reinforcement (Desmyter 
et al., 2001; De Belie, 2004; Van Lerberghe and Raedt, 2009). 

It is well known that the use of BFS can reduce the risk to ASR. This is due to the 
fact that: (i) BFS reduces the alkalinity of the pore solution (Xu et al., 1995; Shehata 
and Thomas, 2010), (ii) BFS reduces the concentration of Ca(OH)2 and 
consequently the possibility of ASR (Fernández-Jiménez and Puertas, 2002) (iii) 
BFS concrete has a low permeability and consequently a high diffusion resistance 
for alkali-ions (Desmyter et al., 2001), (iv) alkalis are absorbed and stabilized in the 
BFS hydration products (Desmyter et al., 2001; Fernández-Jiménez and Puertas, 
2002) and (v) the addition of BFS allows to exceed the pessimum concentration of 
reactive silica (De Belie, 2004). According to Desmyter et al. (2001), a minimum 
replacement level of 50 mass% (relative to the OPC content) should be necessary to 
prevent ASR. In ASTM C 989-06, concrete with cement replacement percentages 
higher than 40% are considered to be resistant and no further tests are required 
unless BFS is combined with OPC having a high alkali content (> 0.6% Na2Oeq), 
alkalis are added as activator or reactive aggregates are used. According to 
Fernandez-Jimenez and Puertas (2002), the accelerated test methods are not suitable 
for alkali-activated slag: because of the initial slower reaction rate, longer test 
periods are advised.  

Furthermore, some publications which consider the resistance of BFS concrete to 
ASR are mentioned. Bouikni et al. (2009) investigated the influence of 50 and 65% 
cement replacement by BFS on ASR. In this research, OPC with a high alkali 
content (1% Na2Oeq) and BFS with an alkali content of 0.53% was used. The 
specimens were alternately stored in humid and dry environments at different 
temperatures. Bouikni et al. concluded from this research that concrete containing 
65% slag needs almost twice the time to reach a given ASR expansion as concrete 
containing 50% slag. Moreover, the internal damage due to expansion and micro 
cracking is lower for concrete containing 65% slag. They emphasize also that the 
resistance is improved when the specimens are water-cured for 7 days. Furthermore, 
from other researches it seems that low (e.g. 25% in the work of Thomas and Innis 
(1998)) as well as high cement replacement percentages (e.g. 50% in (Rangaraju and 
Desai, 2009), 65% in the work of Thomas and Innis (1998) and up to 70% in 
(Higgins and McLellan, 2009)) positively influence the resistance to ASR. 



 

Applied test methods 233 

 

Chapter 9 

Applied test methods 

9.1 Apparatus for accelerated degradation testing of concrete 
specimens (TAP) to investigate the acid resistance of BFS 
concrete 

Preparation: Reference concrete mixes (containing only OPC as binder) and 
concrete mixes with s/b ratios of 0.5, 0.7 and 0.85 (see section 2.2.3) were made to 
produce the cylindrical test specimens (h 70 mm; ø 230 mm) as shown in Figure 9.1. 
These cylinders were stored in a climate room at (20 ± 2)°C and a RH higher than 
95% until the time of testing (1 or 6 months). 

Measurement: The apparatus for accelerated degradation testing of concrete 
specimens (TAP) (Figure 9.1), originally developed by De Belie (2002), was used to 
compare the acid resistance of OPC concrete and BFS concrete.  

  

Figure 9.1: Apparatus for accelerated degradation testing of concrete 

The specimens were first installed in the machine and before the start of the 
measurements, the initial distances between the cylinders and the laser sensors were 
registered with an accuracy of 0.1 mm while the specimens turned at a speed of 
24.41 rev/h (5 readings per mm, 4 contour lines per cylinder and 3 cylinders per 
concrete type) (Figure 9.2 - right). During the experiment, the cylindrical test 
specimens turned alternately through the lactic-acetic acid solution (1/3 of the 
rotation time) and the air (2/3 of the rotation time) at a speed of 1.04 rev/h. The pH 
of the liquid was measured daily. At the end of each cycle, lasting 7 days, the 
cylinders were brushed to remove all degraded material (Figure 9.2 - left) and the 
distances were again measured by laser sensors (Figure 9.2 – right). The procedure 
was repeated until 6 cycles were completed. After every cycle, the simulation liquid 
was replaced by fresh lactic and acetic acid solution. 
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Figure 9.2: Brushing of the TAP cylinders (left) and measurement of the distance 
between the laser sensors and the TAP cylinders (right). 

A highly aggressive test liquid, composed of 30 g/l acetic acid and 30 g/l lactic acid, 
was used because of the correspondence with existing real-life situations. These acid 
concentrations corresponded indeed quite well with the highest concentrations 
measured in samples taken from floors in pig houses. However, the pH of the 
simulation liquid amounted to 2, while the pH in real conditions varied between 3.8 
and 4.5. The difference was due to the absence of buffering feed ingredients in the 
simulation liquid (De Belie et al., 1997; De Belie et al., 1997; De Belie et al., 1998). 

Processing: The resulting diameter reduction and surface roughness could be 
calculated from the initial and subsequent measurements. The surface roughness of 
the test specimens is expressed by the Ra-value (in mm), based on the British 
Standard BS 1134, referring also to ISO/R 468 ‘Surface roughness’. The Ra-value is 
defined as the arithmetical average value of the departure y(x) (mm) of the profile 
above and below the centre line throughout a prescribed sample length L (Eq. (9.1)). 
As for concrete cylinders a sample length of 50 mm is advised by De Belie (2002), 
13 Ra-values are obtained per contour. In Chapter 10, the average of 13 Ra-values 
per measured contour line, 4 contour lines per cylinder and 3 cylinders per concrete 
type will be presented as the Ra-value for a certain concrete type. 

dxy(x)
L
1

R
L

0

a ∫⋅=  (9.1) 

9.2 Length or diameter change of specimens due to external 
sulphate attack 

The test methods applied in the current research are based on the standard ASTM C 
1012-04, the Wittekindt procedure and the SVA-method (Verein Deutscher Zement 
Werke (VDZ), 1996; Verein Deutscher Zement Werke (VDZ), 2002). However, 
because of slight differences between the prescribed and the applied procedures,  the 
followed methods are described in detail below. 

9.2.1 Based on ASTM C 1012-04 

Preparation: Mortar mixtures in which 0% (M0 (ASTM)), 50% (M50 (ASTM)) or 
85 % (M85 (ASTM)) of the cement is replaced by BFS were produced (see section 
2.2.2). Prisms with dimensions of 25.4 × 25.4 × 285 mm (which will be used for the 



 

Applied test methods 235 

 

length change measurements) and 40 × 40 × 160 mm (to determine the compressive 
strength) were then moulded, covered and cured at (35 ± 3)°C under water. After 24 
hours, the specimens were demoulded and placed in a curing tank containing lime-
saturated water until the time of testing. This time was defined as the age at which 
the compressive strength has reached a value of 20 MPa and was estimated based on 
preceding test results (see section 7.3.2.1) (2 days for M0 (ASTM) (real value at 2 
days = 44 MPa), 5 days for M50 (ASTM) (real value at 5 days = 32 MPa) and 7 
days for M85 (ASTM) (real value at 7 days = 26 MPa)). In the current research, the 
compressive strength of mortar was determined in accordance to the standard NBN 
EN 196-1 (2005).  

Measurement: The length of each of the test specimens (Lt = 0) was measured with a 
sliding calliper (accuracy = 0.02 mm) and the test specimens were subsequently 
immersed in a 50 g/l Na2SO4-solution (0.352 mol/l) at a temperature of (20 ± 2)°C 
for 1 year. Every week, the solution was replenished and at different time intervals 
(1, 2, 3, 4, 8, 13 and 15 weeks, 6, 9 and 12 months), the length of the specimens (Lt = 

x) was measured.  

Processing: The relative length change (∆L/L) (in %) of the test specimens was 
calculated at any age according to formula (9.2).  

100
L

LL

L
∆L

0t

0 t xt ⋅−=
=

==  (9.2) 

9.2.2 Based on the Wittekindt procedure 

Preparation: Mortar mixtures containing different amounts of BFS (M0 (Wittekindt), 
M50 (Wittekindt) and M85 (Wittekindt)) were produced (see section 2.2.2) and flat 
prisms (10 × 40 × 160 mm) were cast. The fresh mortar was stored in the climate 
room at (20 ± 2)°C and > 95% RH and the specimens were demoulded after 1 day. 
Before curing in water at (20 ± 2)°C for 13 days, small stainless steel plates, which 
serve as measuring points, were glued at the top and bottom surfaces. Moreover, the 
top and bottom surfaces, as well as 10 mm of the side surfaces were coated with 
epoxy to prevent three-dimensional ingress of sulphates at these places (Ferraris et 
al., 2005). Notwithstanding these precautions (which were not prescribed in the 
Wittekindt procedure), the accuracy of the expansion measurements seemed not to 
satisfy. Since the measurements could not with certainty be taken at a fixed position 
(because the stainless steel plates were curved and also large in comparison to the 
heads of the sliding calliper) an error larger than the length change could be induced.  

Since no conclusions could be drawn concerning the sulphate resistance of BFS 
mortar compared to OPC mortar, another preparation technique was applied at a 
later stage in order to obtain more accurate measurements. The self-made moulds are 
presented in Figure 9.3 and as can be seen, nuts and bolts (M5) were encapsulated in 
the flat prisms (over ~ 30 mm). During demoulding, the outer bolts were loosened 
and were replaced with threaded rods, which served as measuring points. In that 
way, a fixed measuring point was defined and the length change over the central part 
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of the test specimens could be considered exclusive of the larger expansions at the 
front and rear faces.  

         

Figure 9.3: Moulds and test specimens used in Wittekindt and SVA test procedures. 

Besides, standard mortar prisms (40  × 40 × 160 mm) were cast, stored for 1 day at 
(20 ± 2)°C and a RH higher than 95%, subsequently demoulded and cured under 
water for a further 13 days.  

Measurement: At the age of 14 days, part of the flat prisms were immersed in 
sulphate solutions at a temperature of (20 ± 2)°C (= test specimens), while the other 
part was immersed in distilled water (= reference specimens). The sulphate solutions 
did not correspond with the prescriptions of Wittekindt (= 29.8 g/l SO4

2-) but 
contained 29.8 g/l Na2SO4 (= 20.2 g/l SO4

2-), 29.8 g/l MgSO4 (= 23.8 g/l SO4
2-), 3 g/l 

Na2SO4 (= 2.0 g/l SO4
2-) or 3 g/l MgSO4 (= 2.4 g/l SO4

2-). Length measurements 
were performed with a sliding calliper (accuracy = 0.02 mm) before the start of the 
test and after 7, 14, 28, 56, 70 and 91 days. Moreover, the sulphate solutions were 
weekly exchanged.  

From literature review, it seemed that sulphate attack with MgSO4 also affects the 
compressive strength. Therefore, part of the mortar prisms (40 × 40 × 160 mm)  
were stored in a 29.8 g/l MgSO4 solution, while the other part was stored in distilled 
water. At the same test ages as mentioned before, flexural and compressive strength 
tests were performed according to NBN EN 196-1 (2005) on 3 test prisms (exposed 
to the sulphate solution) and 3 reference prisms (cured in water). Remark that the 
compressive strength tests were performed in addition to the length change 
measurements and are not described in the Wittekindt procedure. 

Processing: The mean length changes of the flat test prisms and reference prisms 
were calculated at the different ages and subtracted from each other. To obtain the 
relative length change in mm/m, these values (in mm) were subsequently divided by 
the length of the central part (distance between the encapsulated bolts = 0.1 m) (Eq. 
(9.3)).  

( ) ( )
part  central

specimen reference0txtspecimentest 0txt

L

LLLL

L

∆L ==== −−−
=  (9.3) 

According to the Wittekindt procedure, the mortar is sulphate resistant if the relative 
length change is lower than 0.5 mm/m. This criterion is valid for the results obtained 
after 56 days exposure to a 29.8 g/l SO4

2- solution and thus not applicable to the 
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current research results because of the lower sulphate concentrations in the 
solutions. 

9.2.3 Based on SVA 

Preparation: Flat mortar prisms (M0, M50 and M85 (see section 2.2.2): 10 × 40 × 
160 mm) with encapsulated nuts and bolts were made as described in section 9.2.2. 
The first two days, the specimens were stored in a climate room at (20 ± 2)°C and a 
RH higher than 95%. Thereafter, the specimens were demoulded and cured in a 
saturated Ca(OH)2 solution for 12 days. In comparison to the Wittekindt procedure, 
the water-to-binder ratio of the mortars and the curing conditions are different. 

Measurement: The length of test specimens (submerged in a 29.8 g/l Na2SO4 
solution) and reference specimens (stored in a saturated Ca(OH)2 solution) was 
measured at different time intervals (after 0, 7, 14, 28, 56, 70 and 91 days) with a 
sliding calliper. The sulphate solution was replenished every week. 

Processing: Formula (9.3) was applied to calculate the relative length change in 
function of exposure time. According to the SVA test procedure, the mortar 
mixtures with a relative length change less than 0.5 mm/m at 91 days exposure to a 
29.8 g/l SO4

2- solution are sulphate resistant. Again, the sulphate concentration in the  
solutions deviated from this prescribed value and the test results could not be 
compared with this criterion. 

9.2.4 TAP 

Preparation: Concrete mixtures containing different amounts of BFS (S0, S50 and 
S85 (see section 2.2.3)) were cast in cylindrical moulds (h 70 mm; ø 230 mm). The 
specimens were demoulded after 1 day (S0 and S50) or 2 days (S85) and stored in a 
climate room at (20 ± 2)°C and a RH higher than 95% for 1 month.  

Measurement: The general measuring principle corresponds to that described in 
section 9.1, but the procedure to determine the sulphate resistance slightly differed 
from the acid resistance test procedure: 

- Specimens were exposed to sulphate solutions containing 29.8 g/l Na2SO4 
(S0, S50 and S85), 29.8 g/l MgSO4 (S0, S50 and S85), 3g/l Na2SO4 (S50) 
or 3 g/l MgSO4 (S50). Three specimens are exposed to each of the sulphate 
solutions. 

- Each cycle lasted 14 days and the solutions were changed every week. pH 
measurements were performed for the fresh solutions and just before 
replacement. 

- The change in radius of the test specimens was measured by laser sensors 
before as well as after brushing. The extra measurement before brushing 
was necessary to detect expansions due to sulphate attack. 

- The degradation was monitored for 9 months. 
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Processing: The change in radius compared to the initial measurement was 
calculated at the end of each cycle before (∆rt(BB)) and after (∆rt(AB)) brushing. 
The convention assumed here was: expansion is positive, reduction is negative. 
However, since sulphate attack and brushing alternately cause an increase and a 
reduction of the diameter of the test specimen, these two effects were separated. The 
cumulative increase in radius before brushing at measurement ‘t’ (Σrt(BB)) was 
calculated according to formula (9.4). The cumulative radius reduction due to 
brushing (Σrt(AB)) was calculated according to formula (9.5). A schematic drawing 
of this principle is shown in Figure 9.4. 

( ) ( ) ( ) ( )[ ]ABr - BBrBBrBBr 1-tt1-tt ∆∆+Σ=Σ  (9.4) 

( ) ( ) ( ) ( )[ ]BB∆rAB∆rABΣrABΣr tt1-tt −+=  (9.5) 

 

Figure 9.4: Schematic drawing of the degradation processes of TAP wheels exposed 
to a sulphate solution before and after brushing. 

The surface roughness was calculated according to formula (9.1).  

9.3 Determination of a chloride profile 

9.3.1 Chloride ingress 

9.3.1.1 Non-steady state migration test (CTH-test) 

Preparation: Four concrete mixes, containing different amounts of BFS (S0, S50, 
S70 and S85 (see section 2.2.3)) were produced and concrete cubes with a side 
length of 150 mm were cast. The specimens were stored in a climate room at a 
temperature of (20 ± 2)°C and a RH higher than 95% until the time of testing (1, 3, 6 
or 12 months). One week in advance to the tests, a concrete core (h 150 mm; ø 100 
mm) was drilled out of the concrete cube and sawn into three identical specimens (h 
50 mm; ø 100 mm). 
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Measurement: The resistance to chloride penetration was determined by a non-
steady state migration test as described in NT Build 492 (1999). After vacuum 
saturation of the cylindrical test specimens in a Ca(OH)2 solution (4 g/l), an external 
electrical potential was applied axially across the specimen and forced the chloride 
ions outside to migrate into the specimen (Figure 9.5). The catholyte solution was a 
10% NaCl solution, while the anolyte solution was a 0.3 N NaOH solution. The test 
duration was determined in accordance to the standard and amounted to 24 hours for 
all tests performed during this research. Afterwards, the test specimens were split 
and a 0.1 M silver nitrate solution was sprayed on one half. The penetration depth 
could be measured from the visible white silver chloride precipitation. The other half 
(for a part of the test specimens) was used to determine the total and water-soluble 
chloride contents at different depths by means of RCT(W) tests or potentiometric 
titrations.  

 

 

Figure 9.5: Arrangement of the migration test set-up (NT Build 492 (1999)). 

Processing: The chloride migration coefficient was calculated according to formula 
(9.6). 
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Dnssm = non-steady-state migration coefficient (m²/s);  
z = absolute value of ion valence;  
F = Faraday constant (9.648 × 104 J/(V·mol));  
U = absolute value of applied voltage (V);  
R = gas constant (8.314 J/(K·mol));  
T = average value of the initial and final temperatures in the anolyte solution (K);  
L = thickness of the specimen (m);  
xd = average value of penetration depths (m);  
t = test duration (s);  
cd = chloride concentration at which the colour changes;  
c0 = chloride concentration in the catholyte solution (~ 2 N) 
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For OPC concrete, the colour changes at a free chloride concentration of 0.07 N 
((Tang, 1996), NT Build (1999)). The chloride migration coefficient of OPC can 
then be calculated according to formula (9.7). Since no values for cd are given for 
concrete with additions, this formula was at first also applied for BFS concrete. 
Further research was performed in the current thesis concerning the validity of this 
assumption.  
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Dnssm = non-steady-state migration coefficient (x 10-12 m²/s);  
U = absolute value of the applied voltage (V);  
T = average value of the initial and final temperatures in the anolyte solution (°C);  
L = thickness of the specimen (mm);  
xd = average value of the penetration depths (mm);  
t = test duration (hours) 

9.3.1.2 Diffusion test 

Preparation: Concrete cubes with a side length of 150 mm were cast with four kinds 
of concrete (S0, S50, S70 and S85 (see section 2.2.3)). The specimens were 
demoulded after 1 day and further cured at a temperature (20 ± 2)°C and a RH 
higher than 95% until the time of testing (6 months). Before the start of the test, 
cylinders (h 50 mm; ø 100 mm) were drilled and sawn from the concrete cubes. 
Subsequently, the specimens were immersed in a saturated Ca(OH)2 solution until 
constant mass was reached (mass change ≤ 0.1 mass% over 24 hours). After a short 
drying period, all faces of the test specimen, except the one to be exposed to the 
chlorides, were coated. When the coating was hardened, the specimens were again 
submerged in the saturated Ca(OH)2 solution until the mass stabilized. Since the test 
specimens were saturated, diffusion of chloride ions was the only transport 
mechanism.  

Measurement: The test procedure was based on NT Build 443 (1995), but the test 
setup deviated slightly from this standard: the specimens, prepared as mentioned 
above, were placed in rubber cases to ensure one-dimensional diffusion of chloride 
ions. The free surface was exposed to a NaCl solution (165 g/l) and the specimens 
were placed in a closed container provided with a water layer to prevent dehydration 
of the test specimens. Specimens were subjected to the chloride solution for 4 weeks 
or 13 weeks. (Figure 9.6) 
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Figure 9.6: Test specimens (left side) and test setup (right side) for the diffusion 
test. 

Processing: Afterwards, a part of the cylinders were split, a 0.1 M silver nitrate 
solution was sprayed on the broken surfaces and the chloride penetration depth was 
measured from the visible white silver chloride precipitation front. From the other 
part, the acid-soluble and water-soluble chloride content at different depths was 
determined by potentiometric titrations. A description of the measuring method can 
be found in section 9.3.2.2. Once the chloride profile (in m% concrete) was 
formulated, the values of cs (chloride concentration at the surface) and De (effective 
chloride transport coefficient) were determined by fitting equation (9.8) to the 
measured chloride contents (with the exception of the first measurement near the 
exposed surface) by means of a non-linear regression analysis. Since the initial 
chloride content (ci) was not exactly known, ci was assumed to be zero (Yuan, 
2008). Only a small error was induced and the simplified formula is given by Eq. 
(9.9).  

( ) ( )














⋅⋅
⋅−−=

tD4

x
erfccctx,c

e
iss  (9.8) 

( )
2

2
1

tD4

x2
Φ1

tD4

x
erf1

c
tx,c

ees

⋅













−














⋅⋅
⋅−=















⋅⋅
−=  (9.9) 

9.3.2 Acid and water-soluble chloride content 

9.3.2.1 RCT(W) 

Preparation: As mentioned before, the cylindrical test specimens, which had been 
subjected to the CTH test, were split in two halves. On one half, silver nitrate 
solution was sprayed, the other half was used here for the Rapid Chloride Test 
(Water) (RCT(W)). The specimens were cut in four slices over their height and each 
slice was ground until a powder sample was obtained. The thickness of the layers 
varied in function of the depth: 10 mm – 10 mm – 15 mm – 15 mm (measured from 
the side from which the chlorides penetrated to the other side).  
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Measurement: The sample (1.5 g - Figure 9.7 (a)) was dissolved (Figure 9.7 (b)) in 
an extraction liquid (9 ml) supplied by the manufacturer, which was different for 
RCT and RCTW measurements, and shaken for 5 minutes. For the RCTW 
measurements, the sample was additionally filtered into a buffer solution (1 ml) 
(Figure 9.7 (c)). Thereafter, a calibrated electrode was submerged into the solution 
and the voltage was recorded (Figure 9.7 (d)).  

    

Figure 9.7: RCTW measuring procedure (Germann-Instruments, 2006). 

Processing: The voltage was transformed to the acid- or water-soluble chloride 
content (% Cl- by concrete weight) by means of the calibration curve (Figure 9.8) 
obtained as explained in (Petersen, 1991; Germann-Instruments, 2006). To express 
the results in % Cl- by binder weight, the formerly obtained figures were multiplied 
by the ratio between the concrete (~ 2400 kg/m³) and binder weight (350 kg/m³ 
concrete) for the concrete in question. 
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Figure 9.8: Example of a calibration chart obtained by immersing the electrode into 
calibration liquids with known Cl- concentrations (0.005%, 0.020%, 0.050% and 
0.500%). 

According to the manufacturer (Germann-Instruments, 2007), the average deviation 
of RCT results (in % Cl- per concrete mass) from the known amount of chlorides is 
within ± 4%. The coefficient of variation of RCT test results is on average 5% for 
repeated testing on the same concrete powder. The precision and accuracy of RCTW 
tests is comparable. No influence could be detected with regard to the type of binder. 

(a)    (b)   (c)   (d) 
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The composition of the extraction liquid is such that even 85% cement replacement 
by BFS will not compromise the accuracy of the chloride measurement (Petersen, 
1991). 

9.3.2.2 Potentiometric titration 

Preparation: The chloride profiles of concrete specimens, exposed to a chloride 
solution in a non-steady state migration test (section 9.3.1.1) or diffusion test 
(section 9.3.1.2), were determined. Therefore, powder samples must first be 
obtained by grinding of material in layers, parallel to the exposed surface, with the 
aid of a profile grinder (Figure 9.9). The thickness of the layers was chosen in order 
to obtain an accurate chloride profile: 1 mm for the first 5 layers, 2 mm for the 
subsequent 5 layers and 4 mm for the final 5 layers (in total 35 mm deep). The dust, 
coming from each layer, was separately collected and sieved on a 160 µm sieve. 
Subsequently, a sample of ~ 6 g was dried at a temperature of 80°C for 24 hours. 

      

Figure 9.9: Profile grinder (Germann Instruments) (left side) and a treated concrete 
specimen (right side). 

Measurement: In the first phase, the water-soluble and acid-soluble chlorides were 
extracted from the powder sample. The applied procedure was based on the work of 
Yuan (2008) and is described below. 

Extraction of acid-soluble chlorides: 35 ml distilled water and 5 ml nitric acid (0.3 
mol/l HNO3) was added to a volumetric flask in which 2 g of the dry powder was 
poured. The solution was shaken manually for ~ 1 minute and the flask was placed 
on a hot plate until boiling. After cooling, the solution was filtered into a second 
volumetric flask, the (first) volumetric flask was rinsed with distilled water and the 
liquid was poured as well over the filter paper. The solution was filled up to 100 ml 
and 10 ml of the extracted solution was pipetted. 10 ml distilled water and 40 ml 
nitric acid (0.3 mol/l HNO3) was added to the 10 ml extracted liquid, and this liquid 
was used for analysis. 

Extraction of water-soluble chlorides: 2.5 g dry powder was weighed and poured in 
a plastic cup. 10 ml distilled water was added and the solution was manually shaken 
for ~ 2 minutes. The solution was stored for 24 hours in a room at a temperature of 
20°C. After shaking, the solution was filtered and 1 ml of the extracted solution was 



 

244 Chapter 9 

 

pipetted. 19 ml distilled water and 40 ml nitric acid (0.3 mol/l HNO3) was added to 
the 1 ml extracted liquid, and this liquid was used for analysis. 

The acid-soluble or water-soluble chloride contents of the liquids, prepared as 
mentioned above, were subsequently determined by potentiometric titrations. The 
apparatus (Metrohm MET 702 automatic titrator) is presented in Figure 9.10. An 
(Ag/0..70°C KNO3 sat.) electrode measured the potential of the solution while the 
titration liquid (~ 0.01 mol/l AgNO3 solution) was added. From the voltage (mV) 
versus volume (ml) curve, the chloride concentration could be calculated. The 
procedure is explained more in detail below. 

 

Figure 9.10: Metrohm MET 702 automatic titration apparatus. 

Calibration: The calibration procedure allows to determine the exact concentration 
of the titration liquid (~ 0.01 mol/l AgNO3). Therefore, a manual titration (addition 
of AgNO3 solution in steps of 0.5 ml or 0.1 ml) was first performed with a 
calibration liquid consisting of 40 ml nitric acid (0.3 mol/l HNO3), 15 ml distilled 
water and 5 ml NaCl solution (0.01 mol/l). The amount of AgNO3 which should be 
added, could be estimated in advance based on formula (9.10).  

( )[ ] ( )[ ]
( )[ ] ( )[ ]ml NaCl Vollmol NaCl Conc

ml AgNO Vollmol AgNO Conc 33

⋅
=⋅

 (9.10) 

The potential corresponding to the inflection point of this experimental mV versus 
ml curve was then an input parameter for the automatic (endpoint) titration. This 
titration ended when the potential stabilized (time criterion = 6 seconds) around the 
input value. From the volume AgNO3, added to the calibration liquid during the 
automatic titration, the exact concentration of AgNO3 could be calculated also 
according to formula (9.10). 

Determination of the acid or water-soluble chloride content: Automatic (endpoint) 
titrations, with the same settings as mentioned above, were performed on the 
analysis liquids. The titrated volume was read out. 

Processing: The acid-soluble (cas) and water-soluble chloride concentration (cws) (% 
Cl- relative to the concrete mass) could be calculated according to formula (9.11), 
respectively formula (9.12). These formulas include the dilution factor (10), the 
atomic mass of chlorides (35.45 g/mol), the concentration of the titration liquid (~ 
0.01 mol/l AgNO3 or the exact value obtained by calibration), the mass of the 
concrete powder in the extraction liquid (2 g and 2.5 g respectively for the 
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determination of the acid-soluble and water-soluble chloride content) and the titrated 
volume AgNO3 (in ml). 
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Since water-soluble chloride contents are commonly expressed in mol/l (chloride 
concentration in the pore solution), the conversion formulas are also given (Eq. 
(9.13) and (9.14)): cws [%] is the water-soluble chloride concentration (in % relative 
to the concrete mass), ρdr is the density of dry concrete, wm is the mass percentage 
water relative to the dry mass and ϕ is the open porosity (in %). The last two 
parameters could be obtained from a water absorption test under vacuum (see 
section 4.8).  
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Furthermore, in the current study, the total chloride content was equated with the 
acid-soluble chloride content. As free chloride content, 80% of the water-soluble 
chloride content was assumed in accordance with the findings of Yuan (2008). The 
difference between the total and free chloride content is called the bound chloride 
content.  

9.4 Freeze and thaw cycles in combination with de-icing salts 

Preparation: Concrete mixes containing different amounts of BFS (0%, 50%, 70% 
and 85% (see section 2.2.3)) were produced and test cubes (150 × 150 × 150 mm) 
were cast. After one (S0, S50, S70) or two (S85) days, the specimens were 
demoulded and further stored in a climate room at a temperature of (20 ± 2)°C and a 
RH higher than 95% until the time of testing (1, 3, 6 or 12 months). Preparatory to 
the test, concrete cores were drilled out of the cubes and sawn into three identical 
cylinders (h 50 mm; ø 100 mm). In that way, moulding as well as interior surfaces 
could be exposed to the salt solution. These specimens were then glued in a PVC-
tube (h 70 mm; ø 106 mm) in a way that no water could penetrate between the tube 
and the specimen. To control the sealing, a water layer (with a thickness of ~ 5 mm) 
was poured on the concrete surface for 3 days. If no water leakage could be 
observed the under and side surfaces of the specimens were covered with a 20 mm 
thick Armaflex insulation.  
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Measurement: Just before the start of the test, the water layer is replaced by a 3% 
NaCl-solution (~ 5 mm thick). The test specimens (Figure 9.10) are covered with a 
plastic plate and installed in the freeze-thaw cabinet.  

NaCl SOLUTION

SPECIMEN

THERMAL INSULATION 

EVAPORATION PROTECTION

 

Figure 9.11: Test specimens which were subjected to 28 freeze-thaw cycles. 

The settings of the cabinet correspond to the temperature cycle as mentioned in 
NBN EN 1339 (2003) (Figure 9.12). The temperature of the air and the salt solution 
are continuously registered by thermocouples. The specimens were subjected to 28 
freeze-thaw cycles. After every 7 days (1 cycle), the scaled material was collected 
on a filter paper by rinsing and brushing. The filter paper was subsequently dried in 
an oven at 105°C and weighed after 24 hours. Taking into account the dry weight of 
the filter paper, the amount of dry scaled material could be calculated. The complete 
test procedure as described above was mainly based on the prescriptions of the 
standard NBN EN 1339 (2003). 
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Figure 9.12: Evolution of the temperature (°C) in function of time (hours) for one 
freeze-thaw cycle according to NBN EN 1339 (2003). 

Processing: The mass losses, expressed in kg/m² (exposed surface), are calculated 
after every cycle. 
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9.5 Carbonation 

9.5.1 Accelerated carbonation test 

Preparation: Concrete mixes containing different amounts of BFS (S0, S50, S70 and 
S85) were produced (see section 2.2.3). The cubes with a side length of 100 mm 
were demoulded after one day and cured in a climate room at a temperature of (20 ± 
2)°C and a RH higher than 95% for 1, 3, 6 and 18 months. Since diffusion of CO2 is 
strongly slowed down for climates with a relative humidity higher than 70 % 
(Audenaert, 2006), the hydration of cement and slag can proceed unhindered. In this 
way, the influence of ongoing hydration on the carbonation resistance can be 
investigated.  

Measurement: To obtain one-dimensional penetration of CO2 from one side of the 
cube, all other sides were coated just before the start of the carbonation test. 
Subsequently, the start value of the carbonation depth was determined according to 
the method described below. Three concrete specimens of each mix were then 
exposed to an atmosphere containing 10 vol% CO2 at 20°C and 60 % RH, while 
another three specimens are further cured at 20°C and a RH higher than 95% RH. 
After 2, 4, 8, 16 and 24 weeks, the carbonation depth was determined by spraying 
phenolphthalein solution on a fresh saw cut. Since the color of the indicator turns 
purple at a pH above 8.3 – 10 (RILEM CPC 18, 1984), non-carbonated zones are 
coloured while carbonated zones are colorless. The carbonation depth was measured 
at different places (10 mm distance between the measurements) to the nearest 
millimetre. 

Processing:. To calculate the carbonation coefficient A, the penetration depth x 
(mm) was written as a function of the square root of the exposure time t (days) 
(9.15) (Borges et al., 2010).  

tAxx 0 ⋅+=  (9.15) 

Accelerated carbonation tests were performed in an environment containing 10 vol% 
CO2. However, the CO2 content in air is merely 0.03%. In an urban environment, 
this content can increase to 0.3 % and exceptionally to 1 % (Audenaert, 2006). To 
take into account this concentration difference between the accelerated tests (10 
vol%) and the real environment, the values of A were converted according to 
formula (9.16). 

b

a

bion concentrat

aion concentrat
ionconcentrat

ionconcentrat

A

A
=  (9.16) 

Additionally, thin sections were made from a limited amount of test specimens 
(cured for 18 months) and the carbonation depths obtained by both methods 
(spraying of phenolphthalein solution on a freshly cut surface and optical 
microscopy) were compared.   
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9.5.2 Influence of carbonation on the pore structure 

Preparation: Concrete (S0, S50, S70 and S85 (see section 2.2.3)) was cast in cubic 
moulds (150 × 150 × 150 mm), demoulded after one (S0, S50, S70) or two (S85) 
days and cured at a temperature of (20 ± 2)°C and a RH higher than 95%. At the 
time of testing (1, 3, 6 and 18 months), the cylindrical test specimens (h 50 mm; ø 
100 mm) were drilled and sawn from the cubes and the circumferential surfaces 
were coated. Moreover, the top surfaces (which were interior surfaces) were covered 
with an aluminium foil (see Figure 9.13), so that CO2 can only penetrate the 
concrete from the underside (which is a moulding surface or an interior surface).  

 

Figure 9.13: Prepared concrete cylinders to determine the effect of carbonation on 
the pore structure.  

Measurement: Per mix, 3 × 3 concrete cylinders were exposed to a high CO2 
concentration (10 vol%) at a temperature of 20°C and 60% RH, while another 3 × 3 
test specimens were further stored in the climate room at (20 ± 2)°C and a RH 
higher than 95%. After 4, 16 and 24 weeks, 1 × 3 specimens were removed from 
each of the climate chambers and subjected to vacuum saturation tests, as described 
in section 4.8, after drying at 40°C and 105°C. The aluminium foil was removed 
before the start of these tests to allow penetration of water from two sides.  

After the vacuum saturation tests, the test specimens were split and the carbonation 
depth of each of the specimens was determined by spraying a phenolphthalein 
solution on the freshly broken surface (see section 9.5.1).  

Processing: The open porosity (ϕ40°C and ϕ105°C) of carbonated and non-carbonated 
test specimens was calculated as described in section 4.8. The obtained results were 
related to the depth of the carbonation front and the cement replacement percentage 
in the mix.  

9.6 Oberholster test 

Preparation: To compare the resistance of OPC concrete and concrete containing 
(high) amounts of BFS to the alkali-silica reaction, concrete mixes containing 
potentially reactive aggregates (coarse, white recycled glass) were produced (S0 
(glass), S50 (glass), S70 (glass) and S85 (glass) (see section 2.2.3). The specimens 
(cubes with a side length of 200 mm) were stored in a climate room at a temperature 
of (20 ± 2)°C and a RH higher than 95% until the time of testing (8 days and 5 
months). At that time, concrete cylinders (h 160 mm; ø 50 mm) were drilled out of 
the cubes and the susceptibility to the alkali-silica reaction was investigated based 
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on the South-African NBRI-method or ‘Oberholster’ test. The test procedure as 
described in RILEM TC 106 (2000) is slightly changed (mix proportions, start age, 
duration) in the current research. 

Measurement: The test specimens and one reference sample were placed in the 
measurement setup as shown in Figure 9.14. After installation of the dial gauges, the 
tank was filled with water and the water was heated up to the constant temperature 
of 80°C. 24 hours later, the water was replaced by a 1 M NaOH solution (1080 g/ 27 
l water (= volume of the tank)) and a reference measurement was performed one 
hour after the temperature of the solution had been stabilized at 80°C. The tank was 
continuously filled up and the expansion of the (test and reference) specimens was 
monitored daily for a period of 20 days. Expansion measurements performed on the 
reference sample allowed to detect expansions caused by external factors as e.g. 
temperature.   

  

Figure 9.14: Test setup to investigate the resistance of concrete to ASR. 

Afterwards, thin sections (30 × 50 mm), made from the interior part of the concrete 
cylinders (age: ~ 5 months), were investigated by optical microscopy to visualize the 
alkali-silica gel.  

Processing: The lower the expansion at 20 days, the less susceptible the concrete 
composition is towards the alkali-silica reaction. For this research, an expansion less 
than 0.1 % was defined as the criterion to accept the concrete composition. This 
value corresponds with the limit value to consider aggregates as non-reactive (based 
on experience), since the Oberholster test was originally developed to investigate the 
reactivity of aggregates (Van Lerberghe and Raedt, 2009).  
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Chapter 10 

Effect of BFS on the durability of concrete: 
Experimental results 

10.1 Resistance to organic acids 

Figure 10.1 shows an image of concrete cylinders (OPC(II), BFS(II)) before and 
after 6 attack cycles for the 4 concrete types (S0, S50, S70 and S85) tested at an age 
of 1 month. Obviously, the OPC concrete is most deteriorated. When the specimens 
were tested after 6 months curing, similar results were obtained. 

      

      

      

      

S0 – 1M 

S50 – 1M 

S70 – 1M 

S85 – 1M 
 

Figure 10.1: Image of the specimens tested at an age of 1 month, before and after 6 
weeks cyclical exposure to a lactic-acetic acid solution. 

The average accumulated reduction in radius (after every cycle) of the concrete 
cylinders (age: 1 or 6 months) attacked by lactic and acetic acid is presented in 
Figure 10.2.  
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Figure 10.2: Reduction in radius of the cylindrical test specimens tested at 1 and 6 
months. 

As can be clearly seen, the acid resistance of OPC concrete is the lowest and the 
attack depth of BFS concrete is less than 0.5 mm. Moreover, the differences between 
the concrete mixes with different amounts of slag are rather small. Therefore, an 
univariate, multi-way ANOVA test was executed. In advance, the homogeneity of 
the variances was checked with a Levene’s test (two tails and level of significance = 
0.01). Since the variances were not homogeneous (P < 0.001) and the interaction 
between the factors ‘cycle number, age and slag content’ was significant (P < 
0.001), an univariate one-way ANOVA and Dunnett’s T3 Post Hoc test was 
performed, considering 48 different groups. The results, tabulated in Table 10.1, 
indicate that the acid resistance of S0 is always significantly (P < 0.05) lower than 
that of S50, S70 and S85. Concerning the BFS concrete mixes, the differences 
between them are not significant (P > 0.05). Increasing the BFS content above 50% 
yields a limited improvement in acid resistance, but involves a considerable strength 
reduction (see Chapter 7). Moreover, only S0 performs significantly better at the age 
of 6 months (in comparison to 1 month) during the first attack cycles. After 5 cycles, 
the significant differences also disappear for S0. 
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Table 10.1: Significant differences in reduction in radius between the concrete 
mixes (One Way ANOVA and Dunnett’s T3 Post Hoc test) (S = significant 
difference (P < 0.05) ; NS = no significant difference (P > 0.05)). 
1 month Cycle 1 Cycle 2 Cycle 3 Cycle 4 Cycle 5 Cycle 6 
S0 – S50, S70, S85 S S S S S S 
S50 – S70 S NS NS NS NS NS 
S50 – S85 NS S NS NS NS NS 
S70 – S85 NS NS NS NS NS NS 
6 months       
S0 – S50, S70, S85 NS S S S S S 
S50 – S70 NS NS NS NS NS NS 
S50 – S85 NS NS NS NS NS NS 
S70 – S85 NS NS NS NS NS NS 
1 month – 6 months       
S0 S S S S NS NS 
S50 NS NS NS NS NS NS 
S70 NS NS NS NS NS NS 
S85 NS NS NS NS NS NS 

Besides the degradation depth, the surface roughness was also calculated. Before 
degradation by the organic acids, the roughness of the specimens is about the same 
for all concrete types and amounts to ~0.064 mm. After merely 2 cycles, the surface 
roughness of OPC concrete can be distinguished from that of BFS concrete. Finally, 
a Ra-value of 1.1 – 1.2 mm is reached for OPC concrete, whereas concrete in which 
85% of the cement was replaced by BFS has a roughness value of ~ 0.2 mm (Figure 
10.3). 
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Figure 10.3: Evolution of the Ra-values of the concrete specimens in which 0%, 
50%, 70% and 85% of the cement is replaced by BFS (curing time of 1 or 6 
months). 

Lactic and acetic acid are both weak acids. According to their pKa value (3.86 for 
lactic acid and 4.75 for acetic acid), lactic acid will first dissociate and react with 
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CH, the most vulnerable phase in concrete towards acid attack. However, as shown 
in Figure 10.4, the pH of the lactic and acetic acid solutions increases from ~ 2 up to 
3.5 – 5.5 (depending on the concrete mix and cycle number). This means that 
besides lactic acid, acetic acid will also dissociate (although to a lesser extent) and 
take part in the chemical reactions (e.g. at a pH of 4.86, 90% of the lactic acid is 
dissociated while at a pH of 4.75 and 5.75 respectively 50% and 90% of the acetic 
acid is dissociated). 

As can be seen in Figure 10.4, OPC concrete has the highest neutralizing capacity 
which however is reduced during the subsequent attack cycles. This indicates that 
the decalcification of hydration products (Ca(OH)2 but also CaCO3 and CSH) is 
reduced (i) during the subsequent cycles and (ii) for concrete containing increasing 
amounts of BFS. Based on the kinetics of pH increase, it can thus be concluded that 
BFS concrete has a higher chemical resistance towards acid attack than OPC 
concrete. When the replacement percentage is increased from 50% up to 85% 
merely a slight increase could be recorded. These conclusions correspond with the 
surface degradation depth measurements, as shown above.  
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Figure 10.4: pH of the simulation liquid during the test. 
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The penetration of acids depends on the open porosity of the concrete mix. 
However, since the differences between the OPC and BFS mixes are not that 
pronounced (see Section 6.4), this cannot be the main influencing parameter to 
explain the results obtained here. The different acid resistance must thus be caused 
by the nature of the hydration products. Since this deterioration mechanism starts 
with the production of soluble calcium salts from the reaction of lactic-acetic acid 
and CH, the CH-content of the hydrated concrete mix is of major importance (De 
Belie et al., 1997; De Belie et al., 1997; Bertron et al., 2005). As mentioned in 
section 5.1.2, BFS concrete has a low CH content and in comparison to OPC 
concrete this content is reduced more than proportional to the cement replacement 
percentage. Besides CH, which decomposes at a pH below 12, also 
calciumsulphoaluminates decompose (pH <  11) and CSH decalcifies as the pH 
drops (Shi and Stegemann, 2000). Since Ca dissolves more easily than Si and the 
C/S ratio of CSH in OPC concrete is higher than in BFS concrete, OPC concrete is 
more vulnerable towards acid attack. The attacked layer is more porous, has almost 
no mechanical strength and can be easily removed by brushing. In BFS concrete, the 
CH-content is lower, the C/S ratio in the hydration products is lower and the 
dissolution of Ca from CSH leads to the formation of a dense (alumino)silicate gel. 
Since this semi-permeable layer prevents the specimen from further degradation (Shi 
and Stegemann, 2000), the acid resistance of BFS concrete is higher than that of 
OPC concrete. According to Bertron et al. (2004) a better acid resistance is only 
obtained if the CaO content is limited as well as the amount of SiO2 is increased (a 
decrease of the C/S ratio is not sufficient). Moreover, the presence of secondary 
elements is favourable. The figures in Table 10.2 clearly show that the chemical 
composition of BFS (as used in the current research) satisfies the requirements to 
reduce the degradation due to acid attack. 

Table 10.2: Chemical composition of the cement, slag and binder in S0, S50, S70, 
S85 (%). 

 CaO SiO2 Al 2O3 Fe2O3 

OPC (II) 63.12 18.73 4.94 3.99 
BFS (II) 42.64 33.86 9.83 0.26 
Composition of binder in     
S0 63.12 18.73 4.94 3.99 
S50 52.88 26.30 7.39 2.13 
S70 48.78 29.32 8.36 1.37 
S85 45.72 31.60 9.09 0.82 

In Figure 10.5, the test results of the current research are compared with those of 
earlier research performed by De Belie (1997). The concrete mixes used in the work 
of De Belie had a cement content of 375 kg/m³ and a w/c ratio of 0.39. Only the test 
results of concrete containing OPC concrete (CEM I 42.5 R (comparable with the 
currently used CEM I 52.5 N)) and concrete made with slag blended cement (CEM 
III/A 42.5 � s/b = 0.36 – 0.65) are presented. The test conditions (acid 
concentration, duration, measuring procedure) were the same in both studies and the 
results can thus be compared.  
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Figure 10.5: Cumulative change in radius and surface roughness of test specimens 
exposed to lactic and acetic acid solutions (test age = 1 month). Comparison 
between the test results of the current research (S0, S50, S70 and S85) and those of 
earlier research performed by De Belie (1997). 

As can be seen in Figure 10.5, the acid resistance (degradation depth as well as 
surface roughness) of reference concrete mixes increases with decreasing w/c ratios 
(0.5 ↔ 0.39). Moreover, it seems that BFS, whether added as a separate component 
or as a component in blast-furnace slag cement, improves the acid resistance of 
concrete. However, the performance of concrete made with CEM III/A 42.5 is not as 
good as that of concrete in which comparable amounts of the cement are replaced by 
separately added BFS. No clear reason could be given for this finding since the 
chemical composition of CEM III/A 42.5 and the characteristics of this concrete 
(e.g. permeability) are not known.  

10.2 Resistance to sulphates 

10.2.1 Concrete cyclically submerged in sulphate solutions 

Sodium sulphate attack 

The concrete specimens (OPC(III), BFS(III)) on the TAP equipment turned 
alternately through the sulphate solution and the air. Alternating wetting and drying 
was supposed to accelerate the degradation mechanism because of the enhanced 
accumulation of sulphate ions in the concrete. An image of the test specimens before 
and after 37 weeks cyclical exposure to Na2SO4 solutions (29.8 or 3 g/l) is shown in 
Figure 10.6. As can be seen, the circumferential surfaces of S85 are most degraded 
while those of S0 remained almost intact.  
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Figure 10.6: Image of concrete test specimens before and after 37 weeks cyclical 
exposure to Na2SO4 solutions. 

The change in radius over this time period was also monitored and the results (mean 
values of 3 concrete specimens) are presented in Figure 10.7. As mentioned in 
section 9.2.4, the effects of sulphate attack and brushing were separated and the 
actual change in radius is obtained by a combination of both. First of all, it must be 
remarked that these actual changes (in comparison to the original radii) are very 
small. After each cycle, the changes before and after brushing (relative to the 
original radius) are always less than 0.3 mm and in most of the cases even less than 
0.1 mm. Since the accuracy of the laser sensors is merely ~ 0.1 mm, the differences 
are thus seldom significant. As a consequence, small errors accumulate when the 
cumulative changes in radii due to sulphate attack and brushing are considered. 
Moreover, this explains why positive values (corresponding to expansion) could be 
obtained for the changes in radii due to brushing. In principle, brushing only 
removes loose material and can thus only correspond with a reduction of the radius. 
Furthermore, the three specimens of each measurement series do not all evolve the 
same. The standard deviation on the mean values is therefore (in some cases) rather 
high. To maintain the overview, no error bars were indicated on Figure 10.7, but an 
example is given in Figure 10.8.  

 

 

S0 Na2SO4 (29.8g/l) 

S85 Na2SO4 (29.8 g/l) 

S50 Na2SO4 (29.8 g/l) 

S50 Na2SO4 (3 g/l) 
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Figure 10.7: Cumulative change in radius due to sulphate attack (above) and 
brushing (below) for test specimens cyclically exposed to a 29.8 g/l Na2SO4 solution 
(S0, S50 [a] and S85) or a 3 g/l Na2SO4 solution (S50 [b]). 
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Figure 10.8: Average expansion and reduction in radius of the test specimens S50 
[b] (n = 3) due to sulphate attack (left graph) respectively brushing (right graph), 
with indication of the standard deviation.  
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In spite of these uncertainties, the values in Figure 10.7 clearly indicate that 
replacement of cement by high amounts of slag (85%) is more detrimental. The 
cumulative changes in radii due to sulphates attack and brushing are much higher 
than those obtained for OPC concrete. Moreover, these findings are also confirmed 
by visual inspection (Figure 10.6) and roughness measurements (Figure 10.9). While 
the evolution of the Ra-values is quite similar for S0, S50 [a] and S50 [b], a stronger 
increase was recorded for S85. This statement was also confirmed by statistical 
analysis (one way ANOVA and Dunnet’s T3 Post Hoc test). For S0, S50 [a], S50 [b] 
and S85, the Ra-values after 37 weeks were respectively 1.45, 1.46, 1.64 and 2.43 
times higher than the initial values. Concerning the effect of 50% cement 
replacement by slag, it is difficult to draw conclusions: the evolution of the surface 
roughness as well as the changes in radii indicate that the performance of S50 [b] is 
worse than that of S0 while the damage caused by a 3 g/l Na2SO4 solution on S50 
[b] is slightly higher than that of a 29.8 g/l Na2SO4 solution on S50 [a]. Since no 
crumbling could be observed during sulphate attack of S50 [a] (what could 
otherwise explain the radius reduction during sulphate attack), we suppose that 
either the limited resolution of the measurements is the cause or the reaction 
mechanism changes since the concentration differs. From literature review (section 
8.3), it seemed that in Na2SO4 solutions ettringite formation is favoured at low 
concentration, while gypsum is preferentially formed at high concentrations.  
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Figure 10.9: Evolution of the surface roughness of concrete specimens with 
different amounts of BFS. The concentration of the Na2SO4 solutions was 29.8 g/l 
for S0, S50 [a] and S85 and 3 g/l for S50 [b]. 

The results above all consider the degradation of the circumferential surfaces of the 
concrete cylinders which were cyclically submerged in the sulphate solution. 
However, visual observation of the test specimens (Figure 10.6) indicated that the 
part which never came into direct contact with the sulphate solution suffered most 
from sulphate deterioration. Crystals (‘soft’ and white) were formed on the surface 
and the concrete underneath the crystals was more degraded than the circumferential 
surfaces (Figure 10.10 and Figure 10.11). The higher the cement replacement level, 
the more crystals were formed and the more degraded the specimens were.  
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Figure 10.10: Crystallization on the concrete specimens (exposure time: 37 weeks). 

   
Figure 10.11: Degradation of the concrete specimens underneath the crystals 
(trowelled surfaces) (exposure time: 37 weeks). 

For the S85 specimens, the aggregates became even visible and the surface layer had 
completely disappeared. The outermost concrete layers also crumbled easily. XRD 
analyses showed that thenardite was formed on the surface, while thenardite, calcite 
and quartz could be found in the outermost concrete layers. Calcite, which is an 
important factor to build up crystallization pressure and consequently damage, is 
thus available in the S85 specimens. This is not surprising since the BFS concrete 
mixes are very susceptible to carbonation (see section 10.5.1). In Figure 10.11 can 
be seen how the specimens were split into three parts after the tests. On the inner 
parts, phenolphthalein solution was sprayed and the carbonation depth was 
determined (Table 10.3). The trowelled surfaces which were most degraded also 
showed a slightly higher carbonation depth. 

Table 10.3: Mean carbonation depth (mm) of the side surfaces of the TAP wheels 
partly submerged in sodium sulphate solutions.  

 S0 S50 [a] S50 [b] S85 
Carbonation depth 1.3 2.7 3.6 2.5 

Although S50 [a] specimens also suffered from crystallization, the degradation of 
the concrete was less than that of S85. Moreover, the damage caused by the less 
concentrated sulphate solutions to the S50 [b] specimens was much lower. The 
resistance against sulphate attack was the highest for OPC concrete. Less thenardite 
crystals were formed on the surface and the concrete below the crystals remained 
rather intact (although thenardite, calcite and quartz were also found in the 
outermost layer).  

It was not determined whether reaction products are formed in the inner part of the 
test specimens (cyclically submerged or not submerged). Based on the pH values (~ 
6 � 8.5 – 9) and the concentration of the sulphate solution (20 g/l SO4

2-), literature 
review (see section 8.3) showed  that the formation of gypsum could be favoured.  

  S50 Na2SO4 (3 g/l)  S50 Na2SO4 (29.8 g/l)   S85 Na2SO4 (29.8 g/l) 

  S0 Na2SO4 (29.8 g/l)   S50 Na2SO4 (29.8 g/l)   S85 Na2SO4 (29.8 g/l) 
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The TAP was originally developed to accelerate degradation processes by 
alternating wetting and drying and brushing. However, application of the TAP in 
that way for sodium sulphate attack does not allow to measure the degradation in the 
zone (side faces) which is most attacked. Therefore, it is advised to use the TAP 
equipment in a different way to study sodium sulphate attack. In future research, 
stationary concrete cylinders can be partially submerged in the solutions. Just above 
the liquid level, crystals will then be formed on the surface and the concrete below 
the crystals will degrade. Brushing of the test specimens can then remove the ‘soft’ 
and ‘crumbly’ concrete underneath the crystals and accelerate the degradation 
process. Measurements of the change in radius and surface roughness can give a 
quantitative indication of the sulphate resistance of partially submerged concrete 
specimens. 

Magnesium sulphate attack 

An image of the concrete cylinders (OPC(III), BFS(III)) before and after 37 weeks 
cyclical exposure to MgSO4 solutions is shown in Figure 10.12. Again, concrete 
containing 85% BFS is most deteriorated while OPC concrete performed well. 
Moreover, the degradation caused by MgSO4 seems to be slightly higher than that 
caused by Na2SO4.  

  

  

  

  

Figure 10.12: Image of concrete test specimens before and after 37 weeks cyclical 
exposure to MgSO4 solutions. 

S0 MgSO4 (29.8 g/l) 

S50 MgSO4 (29.8 g/l) 

S85 MgSO4 (29.8 g/l) 

S50 MgSO4 (3 g/l) 
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In Figure 10.13, the expansions and reductions in radius due to sulphate attack and 
brushing are presented (mean values of 3 concrete cylinders). No results could be 
shown for S50 [b] because the laser sensors could not be adjusted well on the metal 
reference plates. As a consequence, different measurements could not be compared 
and the cumulative change in radius could not be calculated. Contrarily, the surface 
roughness, which was determined based on each of the individual profiles, could be 
determined. Furthermore, the same remarks as mentioned above concerning the 
accuracy of TAP measurements are valid.  
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Figure 10.13: Cumulative change in radius due to sulphate attack (above) and 
brushing (below) for test specimens cyclically exposed to a 29.8 g/l MgSO4 solution 
(S0, S50 [a] and S85). 

As can be seen in Figure 10.13, a reduction of the radius is recorded during the first 
attack cycles. Thereafter, sulphate attack causes a continuous expansion of the 
concrete cylinders S50 [a] and S85. On the other hand, brushing leads to a 
continuous reduction of the radius for all concrete mixes. After 37 weeks, S85 shows 
the highest expansion, but also the highest reduction due to brushing. The resulting 
effect is a reduction of 0.271 mm compared to the original radius. For S0 and S50 
[a], these values amount to -0.336 and -0.193 mm. The high value of S0 does 
however not mean that these specimens are most degraded: sulphate attack causes a 
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reduction (-0.115), which is very small in comparison to the accuracy of the 
measurements and this negative value enhances the reduction due to brushing (-
0.221 mm). If the surface roughness values are also considered (Figure 10.14), the 
overall conclusion is that S0 and S50 [a] perform quite similar, while the 
performance of S85 is worse. After 37 weeks, the Ra-value is increased by a factor 
1.69, 1.71, 1.31 and 3.20 for respectively S0, S50 [a], S50 [b] and S85. The surface 
roughness of S85 at the end of the experiment was significantly higher than that of 
S0, S50 [a] and S50 [b]. S50 [a] and S50 [b] also differed significantly from each 
other, but both of them did not differ significantly from S0. All these findings 
correspond quite well with the visual observation (Figure 10.12). 
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Figure 10.14: Evolution of the surface roughness of concrete specimens with 
different amounts of BFS. The concentration of the MgSO4 solutions was 29.8 g/l 
for S0, S50 [a] and S85 and 3 g/l for S50 [b]. 

The parts of the test specimens which never came into direct contact with the 
solutions are covered with a crystallization product. In comparison to the crystals 
formed in case of Na2SO4 attack, the deposition is hard and has a light grey colour. 
Moreover, the concrete beneath is less deteriorated, but is was difficult to remove 
the crystals. As the sulphate concentration decreases, the crystallization and damage 
is reduced. XRD analysis of the crystals revealed that epsomite is formed 
(MgSO4.7H2O), while calcite was detected in the outermost concrete layers. 
Carbonation of the concrete specimens was confirmed by spraying phenolphthalein 
solution on the freshly broken concrete (Table 10.4). 

  

Figure 10.15: Crystallization and degradation of the concrete specimens (exposure 
time: 37 weeks). 

S0 MgSO4 (29.8 g/l)   S85 MgSO4 (29.8 g/l) 
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Table 10.4: Mean carbonation depth (mm) of the side surfaces of the TAP wheels 
partly submerged in magnesium sulphate solutions.  

 S0 S50 [a] S50 [b] S85 
Carbonation depth 1.5 1.6 2.8 2.8 

10.2.2 Mortar permanently submerged in sulphate solutions 

Sodium sulphate attack 

The results obtained from the tests based on ASTM C1012-04 are presented in 
Figure 10.16. Since the large expansions of M0 (ASTM) mask the differences 
between the curves (especially at young ages), part of this graph was magnified and 
presented at the right side of Figure 10.16. The values are averages of measurements 
on 4 (M0 (ASTM)), 1 (M50 (ASTM)) or 6 (M85 (ASTM)) specimens since part of 
the tests specimens broke during demoulding. As can be seen, the curve does not 
indicate a continuous expansion. The drops in relative length change can be 
explained by the fact that (i) the expansion is lower than the accuracy of the 
measuring equipment and (ii) no epoxy coating was applied to the end faces of the 
test specimens and crumbling could consequently occur. The measurements at 12 
months were missing for all mixes. Therefore, these values were estimated based on 
a linear interpolation between the results at ~ 9 and ~ 16 months. It must be 
remarked that the solutions were not replenished anymore between 12 and 16 
months. 
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Figure 10.16: Relative length change of prisms (OPC(III), BFS(III)) exposed to a 
50 g/l Na2SO4 solution.  

In the left graph of Figure 10.16, the two phases as described in literature 
(Pommersheim and Clifton, 1994; El-Hachem et al., 2009) can be distinguished for 
the reference (M0 (ASTM)) mix. During the first stage (period of latency), the 
expansion is limited, while the second stage (after about 3 months) is characterized 
by a strong increase of the relative length change. During this stage, the expansion 
of OPC mortar starts to deviate significantly from that of BFS mortar and the 
beneficial effect of replacement of cement by slag becomes visible. Before, no 
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significant differences (t-test (two tails and level of significance = 0.05) preceded by 
a Levene’s test) could be detected between the different mixes. In the statistical 
analyses, only the test results of M0 (ASTM) and M85 (ASTM) were taken into 
account since merely one test specimen was available for M50 (ASTM). 

After an exposure time of 12 months, the expansion of M0 (ASTM) is about 0.66%, 
while M50 (ASTM) and M85 (ASTM) seems to be more sulphate resistant 
(expansions of respectively 0.08 and 0.02%) (Figure 10.17).  
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Figure 10.17: Evolution of the length change in function of time, with indication of 
the standard deviation (n = 4 for M0; n = 1 for M50 and n = 6 for M85) and limit 
values. 

On the one hand, visual inspection of the test specimens after ~ 16 months clearly 
showed crack formation and disintegration of the structure of M0 (ASTM). 
Longitudinal cracks were formed at the borders of the trowelled surface since 
expansive products are mainly formed in the surface layer and induce tensile stresses 
in the mortar beneath. Moreover, transverse cracks and crumbling could also be 
observed. On the other hand, the test specimens of M50 (ASTM) and M85 (ASTM) 
remained almost intact (Figure 10.18). In literature, the expansion in the second 
stage is mostly attributed to gypsum and ettringite formation. However, some 
researchers claim that thaumasite can also be formed at room temperature. Based on 
the pH values of the liquids before replacement (~ 10.6), gypsum is the only stable 
phase. Thaumasite can be formed at a pH of 9, but is only destructive at pH values 
of ~12.5 (fully buried concrete) (Liu, 2010). Ettringite formation is also possible 
from a pH of 6 ((Mehta, 1975) cited by (Van Tittelboom and De Belie, 2009)), 
although a pH of 11.5 is necessary to obtain a stable phase. After ~ 16 months, the 
pH of the solutions was measured and amounted to 12.8 for the M0 (ASTM) 
specimens and 8.5 for the M85 (ASTM) test specimens. Moreover, material was 
scraped off and analysed with XRD. The test results reveal that the formation of 
ettringite is responsible for the deterioration of the M0 (ASTM) test specimens. In 
the M85 (ASTM) test specimens no ettringite (but also no other sulphate phases) 
could be detected. 
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Figure 10.18: Visual inspection of mortar prisms with different amounts of BFS, 
subjected to a 50 g/l Na2SO4 solution for ~ 16 months. 

While the ASTM test procedure clearly shows that the resistance against sulphate 
attack is higher for BFS mortar than for OPC mortar, no clear conclusions could be 
drawn from the SVA and Wittekindt test procedures. The test results show a lot of 
scatter and no clear trend could be found in function of time. This is probably due to: 

- the measuring period: The SVA and Wittekindt tests only last 91 days. In 
comparison to the ASTM test procedure, this is very short and the ASTM test 
neither shows significant differences between the mixes during this period. 
Moreover, the sulphate concentration is lower. 

- the accuracy of the sliding calliper: The accuracy of the used sliding calliper was 
merely ± 0.02 mm. Since the measured length change was less than 0.02 mm for a 
large part of the measurements, the apparatus was not accurate enough. 

After the measuring period, the test specimens were further stored in the Na2SO4 
solutions, which was not replenished anymore. A few months later, the M0 
(Wittekindt) specimens curled up (Figure 10.19). This indicates that expansive 
reactions occurred and that the reference OPC mortar has a lower sulphate resistance 
than the BFS mortars. This phenomenon was also observed by other researchers 
(e.g. (El-Hachem et al., 2009; Schmidt et al., 2009)). 

XRD analyses revealed that gypsum was formed in the M0 specimens. The pH of 
this solution was about 10.5 (all the specimens were stored in one container after the 
prescribed measuring period of 3 months).  

 

M85 (ASTM) 

M50 (ASTM) 

M0 (ASTM) 

M0 (ASTM) Longitudinal cracks 

transverse cracks 
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Figure 10.19: Bending and crack pattern of OPC mortar prisms due to immersion in 
sulphate solutions. This phenomenon was not noticed for the BFS mortar prisms. 

Magnesium sulphate attack 

Also for the magnesium sulphate solution, no clear test results were obtained from 
the length change measurements (based on the Wittekindt procedure). Nevertheless, 
a comparison is made between the compressive strength and flexural strength of 
mortar specimens cured under water or in MgSO4 solutions (concentration 29.8 g/l) 
(Figure 10.20 and Figure 10.21). As can be seen, the compressive strength strongly 
increases during the test due to the continuing hydration of cement and slag, 
especially for the M50 mixes. However, in most of the cases, no significant 
differences can be noticed between the specimens cured under water and those 
exposed to a 29.8 g/l MgSO4 solution. The compressive strength results of M0 
(Wittekindt) exposed to the magnesium sulphate solution tend to decrease from the 
70th day onwards. Since the decrease is not significant, no clear conclusions can be 
drawn.   

M0 

M85 

M0 - Wittekindt 

M0 - SVA 
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Figure 10.20: Influence of MgSO4 (29.8 g/l) attack on the compressive strength of 
mortar bars (age at the start = 14 days) (OPC(III), BFS(III)). 

While no significant differences were found for the compressive strength, the 
flexural strength of mortar specimens exposed to a 29.8 g/l MgSO4 solution is 
significantly higher than that of the reference specimens cured under water. This 
divergence is already noticed after 7 exposure days. A possible reason for this can be 
that a protective layer, which is formed on the surface, ‘reinforces’ the specimen and 
cracking is delayed. Since the compressive strength is more related to the bulk 
strength, the protective layer has probably no significant influence. A decrease of the 
compressive strength would in this case be related to a decomposition of the CSH 
structure. 
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Figure 10.21: Influence of MgSO4 (29.8 g/l) attack on the flexural strength of 
mortar bars (age at the start = 14 days) (OPC(III), BFS(III)). 

10.2.3 Summary 

In this section, an overview is given of the most important research findings 
(discussed in section 10.2.1 and 10.2.2) with regard to sulphate attack on BFS and 
OPC mortar / concrete. 
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- Concrete cyclically submerged in sulphate solutions: Concrete which is 
cyclically submerged in a Na2SO4 or MgSO4 solution is most deteriorated 
when the binder mainly consists of BFS (s/b = 0.85). If merely 50% of the 
cement is replaced by BFS, the concrete’s performance is quite similar to 
that of OPC concrete.  

o  The change in radius (expansion or reduction) and the surface 
roughness of concrete cylinders, which were cyclically submerged 
in sulphate solution, were measured by laser sensors (TAP). 
Although these changes in radius (in comparison to the original 
radius) were very small (and in most cases not significant), the test 
results of the surface roughness clearly indicated that the 
replacement of cement by high amounts of slag (85%) is more 
detrimental. Moreover, the degradation caused by MgSO4 seemed 
to be slightly higher than that caused by Na2SO4. 

o The parts of the specimens which never came into contact with the 
sulphate solution suffered most from sulphate deterioration. 
Crystals (thenardite (white and ‘soft’) in case of Na2SO4 and 
epsomite (light grey and ‘hard’) in case of MgSO4) were formed 
on the surfaces and the concrete underneath the crystals was 
degraded (disappearance of the surface layer and crumbling). The 
deterioration was higher for: 

- concrete containing high amounts of BFS since these 
specimens are more vulnerable to carbonation and calcite 
is an important factor to build up crystallization pressure, 
- trowelled surfaces since these surfaces were more 
affected by bleeding and showed a higher carbonation 
depth, 
- Na2SO4 attack than MgSO4 attack. 

o  The laser sensors of the TAP equipment only allow to measure the 
degradation of the circumferential surface areas of the concrete 
cylinders. In order to quantify the degradation in the zones which 
will be most attacked (and which are not directly exposed to the 
sulphate solutions), we advise to omit the rotation of the concrete 
cylinders in future research with regard to sulphate attack: Partial 
submersion of stationary concrete cylinders will cause crystal 
formation and degradation of the concrete in the zone just above 
the liquid level; By brushing the test specimens, the ‘soft’ and 
‘crumbly’ concrete can be removed and the degradation process 
can be accelerated. In that way, the TAP seems to be a very 
promising technique to quantify accelerated sulphate attack.  

- Mortar permanently submerged in sulphate solutions: The replacement of 
cement by BFS has a positive effect on the resistance to sulphates if the 
specimens are permanently submerged. The performance (length change as 
criterium) was evaluated based on different test methods (ASTM C1012-
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04, Wittekindt procedure and SVA procedure). Within a measuring period 
of 3 months, no significant differences could be detected between the 
mixes. However, submersion for longer periods clearly shows the 
beneficial effect of cement replacement by BFS:  

o M0 (ASTM) test specimens expanded considerably. Cracks 
(longitudinal and transverse) appeared and the structure 
disintegrated. Ettringite was found in the M0 (ASTM) test 
specimens. On the other hand, the M50 and M85 (ASTM) prisms 
remained almost intact. From XRD analyses, it seemed that no 
sulphate-bearing phases were formed. 

o The M0 (Wittekindt) prisms showed a ‘map’ crack pattern  and 
curled up, while the M50 and M85 (Wittekindt) remained intact. 
This indicated that expansive reactions occurred (gypsum 
formation in this case (XRD)) and that the OPC mortar has a lower 
sulphate resistance than the BFS mortar.  

No significant differences could be found between the compressive strength 
of mortar prisms cured under water or submerged in MgSO4 solution (29.8 
g/l) within an exposure time of 3 months. However, the flexural strength of 
the prisms exposed to the MgSO4 solution was significantly higher than that 
of the reference specimens. Possibly, a protective layer was formed on the 
surface which has a positive effect on the flexural strength, but cannot 
influence the compressive strength. Remark that the compressive and flexural 
strength was monitored during 3 months and that the effect of longer 
exposure times was not evaluated. 

10.3 Resistance to chlorides 

10.3.1 Evolution of the non-steady state migration coefficient in 
function of time 

Figure 10.22 presents the non-steady state migration coefficients for the concrete 
types S0, S50, S70 and S85 at an age of 1, 3, 6 and 12 months (MS = moulding 
surface exposed to chlorides). All coefficients are calculated with formula (10.1), 
what means that it has been assumed that the colour change occurs at a chloride 
concentration cd = 0.07 N irrespective of the type of binder. This statement is 
justified further in this section.  
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Figure 10.22: Evolution of the non-steady state migration coefficients of concrete 
containing different amounts of BFS with time (mean values and standard error) for 
exposure of the moulding surface. 

As can be seen in Figure 10.22, the mean chloride migration coefficient generally 
decreases with increasing BFS content but the variations between the different mixes 
and ages are sometimes rather small. Therefore, an univariate, multi-way ANOVA 
test was executed, preceded by a Levene’s test (two tails and level of significance = 
0.01) to check the homogeneity of the variances. Since the variances were not 
homogeneous (P = 0.001) and the interaction between the factors ‘age and slag 
content’ was significant (P < 0.001), an univariate one-way ANOVA and Dunnett’s 
T3 Post Hoc test was performed, considering 16 different groups. The results 
indicate that the chloride migration coefficients of the reference concrete 
significantly differ from those of BFS concrete, with the exception of S70 at 1 
month and S50 at 3 and 12 months (remark that the last mentioned value also shows 
a very high standard deviation).  No significant differences could be found between 
the BFS mixes (except between S50 and S85 at 3 months). Moreover, the chloride 
migration coefficients of S0 do not change significantly in function of time. For S70 
a significant difference was found between the migration coefficient at 1 and 6 
months, while for S85 a significant difference was recorded between the results at 1 
and those at 6 and 12 months. This means that in contrast to the reference concrete, a 
significant reduction of the migration coefficient is recorded in time for concrete 
with high cement replacement levels. Furthermore, the evolution in function of time 
of the mean migration coefficients of S50 seems to be irregular, but significant 
differences were only detected for the results at 1 versus 6 months and 3 versus 6 
months. The tests at 1 and 6 months were repeated on another concrete batch (also 
with BFS (II)) and similar tests results as indicated in Figure 10.22 were obtained. 

For all mixes, the non-steady state migration coefficient is higher (although not 
significantly) for moulding surfaces than for interior surfaces (Figure 10.23). 
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Figure 10.23: Chloride migration coefficients for moulding surfaces (MS) or 
interior surfaces (IS) of concrete with OPC(II) and BFS(II) (mean values and 
standard deviation). 

The different resistance of OPC concrete and BFS concrete towards chloride ingress 
can be due to different factors: (i) the permeability of concrete and (ii) the 
interaction of the chloride ions with cement and slag hydration products. However, 
no correlation could be found between the porosity (as obtained in vacuum 
saturation tests after drying at 40°C or 105°C) and the non-steady state migration 
coefficients. Therefore, chloride binding was believed to be the underlying reason. 
The chloride binding in mixtures containing different amounts of BFS is described 
more in detail in section 10.3.3. There, it can be found that the chloride binding 
capacity of BFS concrete is about the same as that of OPC concrete. However, the 
specimens used there were made of OPC (III) and BFS (III), which have about the 
same content of (Al2O3 + Fe2O3) (see Table 10.5). For the CTH tests, as explained 
here, the content of (Al2O3 + Fe2O3) in BFS (II) is slightly higher than that in OPC 
(II), probably leading to a higher chemical binding capability of BFS concrete (and 
consequently a divergence between OPC and BFS concrete). Moreover, the C/S 
ratio in BFS (II) is higher than that in BFS (III) and physical binding to slag 
hydration products is thus enhanced (BFS (II)). Finally, as mentioned in section 
10.3.3, the relationship between free and water-soluble chlorides was not verified for 
BFS concrete. If this relationship changes for BFS mixes, the binding of chlorides in 
case of BFS concrete could be underestimated in the current research. Furthermore, 
the Ca(OH)2 content decreases more than proportional to the cement replacement 
percentage, which contributes towards a lower pH of BFS concrete and 
consequently less competition between Cl- and OH- with respect to binding. 
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Table 10.5: CaO, SiO2, Al2O3 and Fe2O3 content (in mass %) of OPC (II), BFS (II), 
OPC (III) and BFS (III). 

 OPC (II) BFS (II) OPC (III) BFS (III) 
CaO 63.12 42.64 63.37 41.24 
SiO2 18.73 33.86 18.90 36.37 
Al 2O3 4.94 8.91 5.74 9.83 
Fe2O3 3.99 0.69 4.31 0.26 

Al 2O3 + Fe2O3 8.93 9.60 10.05 10.09 
CaO/SiO2 3.37 1.26 3.35 1.13 

As mentioned above, the non-steady state migration coefficients do not change in 
function of curing age for OPC concrete, while a decrease over time is still recorded 
for BFS pastes. Remark however that this decrease is not always significant. Again, 
the porosity measurements on concrete mixes (with the vacuum saturation 
technique) could not give a plausible explanation. However, the compressive 
strength of BFS concretes also changes considerably between 28 and 364 days 
(while this is less the case for OPC concrete) (see chapter 7). This indicates that the 
hydration reactions in BFS mixes still proceed at a higher rate than those in OPC 
pastes. New hydration products are formed and the capillary porosity of the mixes 
decreases. BSE images (see section 5.2) revealed that the overall hydration degree in 
OPC pastes only increases a few percentage points between 7 days and 28 months, 
while a considerable increase of the overall hydration degree is noticed for CP50 and 
CP85 (even in the time interval between 3M and 28M).   

In addition to the tests as mentioned above on concrete with OPC (II) and BFS (II), 
the non-steady state migration coefficients of concretes made of OPC (III) and BFS 
(III) were also determined at the age of ~ 6 months. The results are compared in 
Table 10.6. As can be seen, the performance of OPC (III) concrete is better than that 
of OPC (II) concrete. This can be explained by the difference in open porosity 
(12.1% for OPC (III) ↔ 14.3% for OPC (II)) and the chemical composition (OPC 
(III) contains more Al2O3 and more Fe2O3  than OPC (II), which contributes towards 
a better chemical binding – the CaO and SiO2 contents, which mainly determine the 
physical binding, are comparable in both cements). For the BFS concretes, the Dnssm 
values are higher for the combination OPC (III), BFS (III). The main reason for this 
is probably the higher open porosity of the mixes made with OPC (III) and BFS (III) 
(S50: 15.6% ↔ 14.8%, S70: 16.2% ↔ 15.6%, S85: 17.9% ↔ 16.0%). Although the 
(Al 2O3 + Fe2O3) content is higher in OPC (III) and BFS (III), the C/S ratio of BFS 
(III) is lower than that in BFS (II).  

Table 10.6: Values of Dnssm (× 10-12 m²/s) for concrete containing different amounts 
of BFS and different batches of cement and slag at the age of 6 months. 

 OPC (II) + BFS (II) OPC (III) + BFS (III) 
S0  12.38 (stdev = 1.98) 9.62 (stdev = 0.33) 
S50  3.72 (stdev = 1.03) 6.45 (stdev = 1.78) 
S70  4.40 (stdev = 0.63) 4.10 (stdev = 0.82) 
S85 2.94 (stedv = 0.36) 5.28 (stdev = 0.31) 
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10.3.2 Chloride concentration at the colour change boundary 

10.3.2.1 Chloride concentration at the colour change boundary after 
migration tests 

For OPC concrete, NT Build 492 specifies a value for the free chloride 
concentration (0.07 N) at the colour change boundary. Since no values are given for 
concrete containing additions, chloride profiles were measured for concrete 
containing slag and the free chloride concentration at the colour change boundary 
was experimentally determined. For this purpose, the water-soluble chloride 
contents at different depths were determined by RCT(W) tests and potentiometric 
titrations.  

The water-soluble chloride profiles determined by RCTW tests are shown in Figure 
10.24 together with the depth of the colour change boundary for a 0.1 M silver 
nitrate solution. The water-soluble chloride content at the colour change boundary is 
indicated by a red dot. In contrast with the conclusion of Otsuki (1992), who found 
that the colour change occurred at a fixed soluble chloride content of 0.15 mass % of 
the cement (OPC), the water-soluble chloride content at the colour change varies in 
the current research between 0.07 and 0.44 mass % of the binder for S0 as well as 
for S50, S70 and S85. This scatter is however not so surprising, since other 
researchers also found a wide range of chloride contents at the colour change 
boundary (see section 8.4). Because the ranges of BFS concrete are within the range 
of OPC concrete, it seems to be ‘justified’ to use the simplified formula of Dnssm for 
all mixes. Moreover, according to Tang (1996) the chloride concentration at the 
colour boundary may change with the hydroxide concentration and a change of cd up 
to 2.5 times causes only an error of Dnssm of a few percentage points for penetration 
depths larger than 5 mm.  

Remark however that the accuracy of the water-soluble chloride profiles is not that 
high for RCTW measurements in the current research: 

- The RCTW tests could not be performed immediately after the CTH test. 
Since the ratio between bound and free chlorides can change with time (TC 
178-TMC, 2002) and diffusion of chlorides can occur, the obtained water-
soluble chloride contents can be slightly disturbed.  

- The thickness of the concrete layers (10 – 15 mm) is very large and the 
profile is formed based on 4 measurements.  

This does not mean that the RCT(W) method in itself is not accurate, but the 
measuring procedure as applied here must be improved to obtain reliable results. 

Therefore, further research seemed to be necessary. The measurements were 
repeated and the layer thickness was reduced to improve the accuracy. Moreover, 
the acid-soluble and water-soluble chloride profiles were determined immediately 
after the CTH test by extraction and potentiometric titrations. A disadvantage of this 
procedure is that different test specimens had to be used for the colorimetric 
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measurements and the analyses of the chloride contents. The results are presented in 
the next paragraphs.  
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Figure 10.24: Determination of the water-soluble chloride content at which the 
colour changes using silver nitrate solution (= red dots) for S0, S50, S70 and S85 
(OPC (II), BFS (II)); the colour change boundaries for a 0.1 M silver nitrate solution 
are indicated by vertical lines.  

The total, water-soluble and bound chloride profiles for each of the mixtures (S0, 
S50, S70 and S85 (OPC (III), BFS (III))) are presented in Figure 10.25 together with 
the depth of the colour change boundary for a 0.1 M silver nitrate solution. Since the 
penetration of chlorides is irregular, the minimum, maximum and mean chloride 
penetration depths are indicated. Only the water-soluble chlorides profiles are 
discussed in this section. For the binding of chlorides, we refer to section 10.3.3. 
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Figure 10.25: Chloride profiles of S0, S50, S70 and S85 (OPC (III), BFS (III)) after 
a CTH test, with indication (= red dot) of the water-soluble chloride content at the 
colour change boundary (ccb) (0.1 M AgNO3 solution). 
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In Table 10.7, the water-soluble chloride concentrations at the colour change 
boundary, expressed in mass % concrete and mol/l (calculated with formula (9.13)), 
are summarized. As free chloride content, 80% of the water-soluble chloride content 
is assumed, in accordance with the findings of Yuan (2008). 

Table 10.7: Water-soluble (cws) and estimated free chloride (cf) concentration at the 
colour change boundary (potentiometric titrations). 

 cws  
(m% concrete) 

cws  
(m% binder) 

wm  
(%) 

cws 
(mol/l) 

cf 
(mol/l) 

S0 (1) 0.099 0.67 5.37 ± 0.09 0.52 0.42 
S0 (2) 0.099 0.67 5.37 ± 0.09 0.52 0.42 
S50 (1) 0.097 0.65 6.83 ± 0.09 0.40 0.32 
S50 (2) 0.100 0.67 6.83 ± 0.09 0.41 0.33 
S70 (1) 0.150 1.01 7.25 ± 0.07 0.58 0.46 
S85 (1) 0.087 0.58 8.18 ± 0.08 0.30 0.24 

As can be seen in Table 10.7, the free chloride concentration at the mean colour 
change boundary amounts to 0.42 mol/l for S0. This value is much higher than the 
value specified by NT Build 492 (cd = 0.07 mol/l). Moreover, the free chloride 
content at the colour change boundary is different for S0, S50, S70 and S85, but no 
relationship could be found between the slag content and the free chloride 
concentration. Remember however that the colourimetric measurements and the 
chloride content analyses were performed on different test specimens (from the same 
batch), what can also cause part of the divergence.   

To investigate the impact of cd on the non-steady state migration coefficients, Dnssm 
was calculated twice for each mix: First of all, the simplified formula (10.1), which 
assumes a cd value of 0.07 mol/l, was applied for the reference concrete as well as 
for the BFS concrete (= Dnssm); Secondly, the experimental value of cf (instead of cd) 
(Table 10.7) was taken into account in the general formula (10.2) (= Dnssm

*). The 
results and the differences (in %) between Dnssm and Dnssm

* are tabulated in Table 
10.8. As can be seen, Dnssm

* is always lower than Dnssm. The smallest differences 
between Dnssm and Dnssm

* are obtained for the mixes having a free chloride 
concentration at the colour change boundary closest to 0.07 N. Nevertheless, the 
divergences are limited to ~ 8%, although the concentrations at the colour change 
boundary are up to 7 times the specified value of NT Build 492 (0.07 N). Moreover, 
the deviation increases as the depth of the colour change boundary decreases. This 
was also recorded by Tang (1996). In conclusion, it can be said that the simplified 
formula (Eq. (10.1)) gives a good and safe approximation of the non-steady state 
migration coefficient and can therefore also be used for BFS concrete.  
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Table 10.8: Non-steady state migration coefficients calculated according to the 
simplified formula (= Dnssm) and the general formula (with the experimental cd 
values of Table 10.7) (= Dnssm

*). 

 Dnssm 

(× 10-12 m²/s) 
Dnssm

* 

(× 10-12 m²/s) 
Difference 

(%) 
S0 (1) 9.7 9.0 7.1 
S0 (2) 10.2 9.3 8.3 
S50 (1) 7.9 7.4 6.5 
S50 (2) 5.5 4.7 5.4 
S70 (1) 4.3 3.9 8.3 
S85 (1) 5.4 5.2 2.8 

Moreover, the chloride migration coefficients as tabulated in Table 10.8 show that 
BFS concrete made with OPC (III) and BFS (III) also has a higher resistance to 
chloride ingress than the reference concrete. However, since only one test result is 
available for S70 and S85, no conclusions can be drawn concerning the significance 
of the differences between the BFS concrete types. 

10.3.2.2 Chloride concentration at the colour change boundary after 
diffusion tests 

Figure 10.26 and Figure 10.27 both show the chloride profiles and the colour change 
boundaries for S0, S50, S70 and S85 after diffusion tests which lasted respectively 4 
weeks and 13 weeks. From these graphs, the water-soluble chloride content at the 
colour change boundary could be determined. The results are presented in Table 
10.9. Remark that because of the strange test results obtained for S85 after the 13 
weeks diffusion test (water-soluble chloride content was much higher than the total 
chloride content), these test results were not considered. 
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Figure 10.26: Chloride profiles of S0, S50, S70 and S85 (OPC (III), BFS (III)) after 
a diffusion test (duration = 4 weeks), with indication (= red dot) of the water-soluble 
chloride content at the colour change boundary (ccb) (0.1 M AgNO3 solution). 
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Figure 10.27: Chloride profiles of S0, S50 and S70 (OPC (III), BFS (III)) after a 
diffusion test (duration = 13 weeks), with indication (= red dot) of the water-soluble 
chloride content at the colour change boundary (ccb) (0.1 M AgNO3 solution). 

Again, a high variability is noticed for the free chloride concentration at the colour 
change boundary. After a 4 weeks diffusion tests, the test results range between 0.12 
and 0.43 mol/l, while the values increase from 0.16 up to 0.63 mol/l after a 13 weeks 
diffusion test. Likewise, no relationship can be found between the chloride 
concentration and the replacement level of cement by slag (the mixes having a high 
cf after 4 weeks, show a low cf after 13 weeks and vice versa). The variability of the 
test results is due to a lot of experimental uncertainties: (i) the chloride penetration 
front, as obtained by spraying silver nitrate on a freshly broken surface, is not 
uniform and minimum and maximum values can strongly deviate from each other, 
(ii) the two types of tests (colorimetric and determination of the chloride profile) are 
performed on different samples and although these test specimens come from the 
same concrete batch, concrete remains a heterogeneous material composed of 
different constituents, (iii) only one chloride profile is determined for each mix at 
each age and as a consequence the variability can not be considered. 
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Table 10.9: Water-soluble (cws) and estimated free chloride (cf) concentration at the 
colour change boundary (potentiometric titrations). 

4 w cws  
(m% concrete) 

cws  
(m% binder) 

wm  
(%) 

cws 
(mol/l) 

cf 
(mol/l) 

S0  0.04 0.30 5.37 0.23 0.18 
S50  0.04 0.25 6.83 0.15 0.12 
S70  0.14 0.94 7.25 0.55 0.43 
S85  0.09 0.57 8.18 0.29 0.23 
13 w      
S0 0.15 1.01 5.37 0.79 0.63 
S50 0.16 1.08 6.83 0.66 0.53 
S70 0.05 0.34 7.25 0.20 0.16 
S85 / / / / / 

In addition, the non-steady state diffusion coefficients and chloride surface 
concentrations, obtained by curve fitting on the total (= acid-soluble) and free 
chloride (= 80% of the water-soluble) profile, are summarized in Table 10.10. After 
4 weeks, the diffusion coefficients are the lowest for S50 and increase again for 
higher cement replacement levels. After 13 weeks, the chloride diffusion 
coefficients decrease continuously with increasing BFS content. For all tests, the 
diffusion coefficients of the reference concrete are the highest. Concerning the total 
and free surface chloride contents, the opposite can be concluded: cs is lower for the 
reference concrete than for BFS concrete. Moreover, as time proceeds, the diffusion 
coefficients decrease while the surface concentrations increase. No statistical 
analyses could be performed to detect significant difference since only one test 
result is available for each mix at each age.  

Table 10.10: Non-steady state diffusion coefficients (Dnssd – total and Dnssd – free) and 
surface chloride concentrations (cs – total and cs – free), calculated based on the total or 
free chloride profiles (age = ~ 6 M). 

4 w Dnssd - total 

(× 10-12 m²/s) 
Dnssd - free 

(× 10-12 m²/s) 
cs - total 

(m% concrete) 
cs - free 

(m% concrete) 
S0 13.2 9.5 0.47 0.30 
S50 4.6 3.3 0.70 0.60 
S70 5.9 4.8 0.79 0.72 
S85 11.5 10.5 0.78 0.65 
13 w     
S0 8.7 6.8 0.51 0.37 
S50 4.0 2.9 0.76 0.63 
S70 2.2 1.5 0.74 0.78 
S85 / / / / 

10.3.3 Binding capacity 

The acid-soluble, water-soluble and bound chloride profiles measured after 
migration and diffusion tests are presented in Figure 10.25, Figure 10.26 and Figure 
10.27 and were used to find a relation between the free chloride contents, bound 
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chloride contents and total chloride contents (Figure 10.28). At low total chloride 
concentrations, both the free and bound chloride contents seem to increase linearly 
with increasing total chloride contents. However, at higher total chloride 
concentrations, the free chloride contents show an upward trend, while the bound 
chloride contents tend to level off. This shows that the maximum binding capacity is 
nearly reached: an increase of the total chloride content results then mainly in an 
increase of the free chloride content. This effect can also be seen in the graphs, 
representing cb in function of cf. If the low chloride concentrations (e.g. in case of 
the performed migration tests) are solely considered (e.g. graph of cb in function of 
cf after chloride migration), linear regression curves show high coefficients of 
correlation. However, from the cb versus cf curves which also include higher free 
chloride concentrations (obtained after chloride diffusion), Freundlich isotherms (= 
power law functions) seemed to be more appropriate.  

While it is generally accepted in literature that slag increases the chloride binding 
capacity (see section (8.4)), this trend could not be found in the test results of Yuan 
(2008) and neither in the current research. As can be seen in Figure 10.28, the effect 
of cement replacement by BFS on the chloride binding capacity is not that 
pronounced, but it seems (from the limited amount of test results) that the binding 
capacity of S50 is quite similar to that of S0, while S70 has the lowest binding 
capacity. The discrepancy between the literature and the current data can be possibly 
attributed to different factors:  

(i) Water-soluble chloride contents are converted to free chloride contents 
based on formula (8.2) irrespective of the type of binder. However, the 
disagreement with literature data leads to the suspicion that BFS 
concrete releases more bound chlorides during water extraction than 
OPC concrete. If this is the case, the conversion factor has to be 
changed for different concrete types. Yuan (2008) compared the water-
soluble chloride content and free chloride content (by pore solution 
extraction) for a limited amount of BFS concrete test samples (cws = 
0.752 mol/l ↔ cf = 0.474 mol/l; cws = 1.283 mol/l ↔ cf = 1.023 mol/l), 
but no unambiguous conclusion could be drawn from the two results. 
Further research is definitely needed to clarify the effect of binder type 
on the relationship between water-soluble and free chloride content. 
Moreover, it is also possible that the acid extraction technique does not 
completely dissolve all the chlorides and that the extent to which 
chlorides are extracted depends on the binder composition. 

(ii)  A limited amount of test results is available. Moreover, the test results 
within one measurement series also show some scatter. Nevertheless, 
the general trend can be noticed in all the curves. 

(iii)  As mentioned in section 8.4, chlorides bind chemically as well as 
physically to the hydration products. Since, the chemical binding 
capacity is related to the amount of Al2O3 and Fe2O3 in the cement and 
slag, the values for OPC (III) and BFS (III) are given in Table 10.11. 
As can be seen, the aluminium content is higher for BFS, but the total 
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amount of aluminium and iron oxide is about the same for BFS and 
OPC. Most of the researchers who explained the higher binding 
capability of BFS by an increased formation of Friedel’s salt (and who 
also gave the chemical composition of the cement and slag), used 
however BFS with a much higher amount of Al2O3 and Fe2O3 than that 
of the raw material in the current research. Binding of chlorides is here 
probably not as much favoured as supposed. Therefore, the chemical 
composition of the raw materials seems to be an important factor. 

Table 10.11: Al 2O3 and Fe2O3 content (in mass %) of OPC (III) and 
BFS (III). 

 OPC (III) BFS (III) 
Al 2O3 5.74 9.83 
Fe2O3 4.31 0.26 

Al 2O3 + Fe2O3 10.05 10.09 

Moreover, physical binding is related to the CSH-content and the Ca/Si 
ratio: the lower the CSH-content and C/S ratio, the lower the binding 
capability. As mentioned earlier slag has a lower C/S ratio (section 
2.1.2 and 3.2.3) while BSE images (section 5.2.1) indicated that the 
CSH content of CP85 (at 6 months and later) is comparable to that of 
CP0. Contrarily, CP50 has a (slightly) higher CSH content than CP0, 
what favours the physical binding of Cl- ions. Moreover, the decrease 
of the pH in case of BFS concrete leads to a higher binding capacity.  

All three aspects (chemical binding, physical binding and alkalinity of 
the pore solution) contribute to the explanation of the current research 
results.  
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Figure 10.28: Relation between the free chloride content (cf), the bound chloride 
content (cb) and the total chloride content (ct).  
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10.4 Resistance to freezing and thawing in combination with de-
icing salts 

Figure 10.29 presents the frost-salt scaling (expressed as mass loss in kg/m²) for 
concrete mixtures containing different amounts of BFS. The two different graphs 
respectively represent the degradation of moulding surfaces and interior surfaces. 
The temperature was continuously monitored during the tests but conditioning 
problems in the climate test chamber were recorded during certain tests. Therefore, 
some of the test results (indicated by shaded bars) were not considered in the further 
research. The shaded bars in Figure 10.29 indicate underestimated values (because 
the climate chamber was broken and the tests were interrupted at 21 days (S70 and 
S85 at 3 months) or since the minimum temperature was not reached (results at 1 
month)). The cross hatched bars indicate that the values as presented here are 
probably overestimated (because the minimum temperatures reached values as low 
as – 30°C). 
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Figure 10.29: Mass loss due to frost-salt scaling after 28 freeze-thaw cycles on 
moulding surfaces and interior surfaces of concrete containing different amounts of 
BFS (OPC(II), BFS(II)). 

Nevertheless the remaining test results were analysed and some interesting 
conclusions could be drawn. The performance of moulding surfaces exposed to 
frost-salt attack is quite similar for S0, S50 and S70. However, as the cement 
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replacement percentage becomes higher than 70%, the resistance decreases. No 
significant effect of the test age could be found for the reliable test results. The high 
standard deviations, which were recorded for S70 and S85 are probably due to the 
fact that part of the test specimens also lost aggregates (see Figure 10.30). 
Furthermore, the resistance to frost-salt scaling of interior BFS concrete surfaces is 
considerably higher than that of moulding surfaces, while the differences between 
these two types of surfaces are rather limited for OPC concrete. Finally, the addition 
of BFS in concrete (especially S50 and S70) even improves the resistance of interior 
surfaces to frost-salt scaling.  

    

Figure 10.30: Degradation of concrete specimens exposed to 28 frost-thaw cycles. 

These findings suggest that the bad performance of BFS concrete is due to the 
inferior characteristics of the surface layer. As can be seen in Figure 10.30, part of 
the surface layer is still intact for S0, while the surface layer of S85 is completely 
removed. In Figure 10.31, the sorptivity coefficients S corresponding to the surface 
layers (see section 6.5) are presented in function of the scaling and a quite good 
correlation could be found. As can be seen, the sorptivity coefficient as well as the 
scaling of S85 (12M) is remarkably higher than that of S0, S50 and S70. Since 
bleeding and carbonation increase as the cement replacement level increases and 
carbonation increases with time, these findings are not surprising. The actual w/c 
ratios were respectively 0.5, 1, 1.67 and 3.33 for S0, S50, S70 and S85. An increase 
of the cement replacement level from 70% to 85% corresponds thus with a doubled 
w/c ratio. Remark however that in this research, moulding surfaces and no trowelled 
surfaces were exposed to freezing sodium chloride solutions. However, despite the 
test specimens were stored in a climate room at 20°C and > 95%, the surface layer 
of S85 was carbonated over ~ 1 mm. No carbonation (by spraying phenolphthalein 
solution) was recorded for S0, S50 and S70.  

  S85(12M)   S0 (6M)   S70 (6M) 
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Figure 10.31: Relationship between capillary suction (expressed with the sorptivity 
coefficient S) and scaling (expressed as mass loss per surface area of a moulding 
surface).  

The above-mentioned conclusions were all drawn based on the test results obtained 
after 28 freeze-thaw cycles. However, as can be seen in Figure 10.32, the duration of 
the test plays an important role. The scaling rate of S50, S70 and especially S85 is 
much higher (due to the weak surface layer) than that of the reference during the 
first cycle (7 days), but from then onwards, it is considerably reduced and continues 
to decrease during the subsequent cycles. Probably, the weakest surface layer is 
already removed after 1 cycle, and the underlying layers are stronger, reducing the 
amount of scaled material. Contrarily, the scaling rate of S0 is low at first and starts 
to increase later. Since the scaling rate of S0 at 28 days is still higher than that of 
S50, S70 (and S85), further testing could give a change in order.  
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Figure 10.32: Cumulative mass loss due to scaling after every cycle (7 days) for 
concrete specimens (moulding surfaces) containing different amounts of OPC(II) 
and BFS(II) (age: 6 M).  
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In Figure 10.33, the mass loss due to scaling of concrete mixtures made of OPC (III) 
and BFS (III) is presented. In comparison to Figure 10.32, the mass losses after 28 
days are similar (no significant differences) for S0, S50 and S70. However, the mean 
value of S50 (OPC (III), BFS (III)) is lower than that of S0 (OPC (III), BFS (III)). 
The degradation of S85 (OPC (III), BFS (III)) is very high and occurs mainly during 
the first attack cycle. Thereafter, the scaling rate is reduced, but is still higher than 
that of S0, S50 and S70. This indicates that the replacement of cement by very high 
amounts of slag has a pernicious influence on the frost-salt scaling resistance. 
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Figure 10.33: Cumulative mass loss due to scaling after every cycle (7 days) for 
concrete specimens (moulding surfaces) containing different amounts of OPC(III) 
and BFS (III) (age: 6M). 

Remark that the mass losses due to scaling are unacceptably high for all mixtures. In 
EN 1339 (2003), the criterion was set at 1 kg/m². Since no air-entraining agent was 
used here, the resistance of these mixtures can still be increased considerably. 
Moreover, air entraining also reduces bleeding so that the surface layer of BFS 
concrete can probably be improved significantly.  

10.5 Resistance to carbonation 

10.5.1 Influence of slag content 

In Figure 10.34, the evolution of the carbonation depth in function of time is 
presented for concrete specimens containing different amounts of BFS (s/b = 0, 0.5, 
0.7 and 0.85), cured for 1, 3, 6 or 18 months at 20°C and a RH > 95% and 
subsequently exposed to a 10 vol% CO2 environment. The carbonation front was 
determined after spraying phenolphthalein solution on a freshly sawn surface. In 
Figure 10.35, the carbonation coefficients A, estimated by formula (10.3), are 
presented in function of the curing age for the different concrete mixes. The values 
of x0 are considered to be 0, except for S70 – 1M and S85 – 1M since these mixes 
showed a carbonation depth of ~ 1.5 mm before the start of the accelerated 
carbonation test.  
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Figure 10.34: Evolution of the carbonation depth in function of exposure time for 
concrete mixtures containing different amounts of OPC(II) and BFS(II) exposed to 
an environment containing 10 vol% CO2 at different ages. 

As can be seen in both figures, the reference concrete (which is consistent with the 
prescriptions of EN 206 for an XC environment) shows no carbonation and the 
carbonation coefficient is (almost) zero. However, the carbonation depths and 
consequently the carbonation coefficients increase with increasing BFS content. 
This is not surprising: the pH of BFS pore solutions is already low and since CO2 

preferentially reacts with CH (which is only present to a small extent), the pH is 
rapidly reduced below the end point of the phenolphthalein indicator. Moreover, the 
gas permeability of the concrete mixes increases with increasing BFS content (see 
section 6.7) and the carbonation reaction in BFS concrete mixes leads to a 
coarsening of the pore structure (see section 10.5.2) allowing CO2 to penetrate more 
easily in the concrete. 

For BFS concrete, the values of A decrease strongly between 1 and 3 months, while 
(almost) no change is recorded afterwards. This means that continuous curing over 
periods longer than 1 month can still significantly increase the durability properties 
of BFS concrete, but curing for periods longer than 3 months does not considerably 
affect the resistance to carbonation anymore.  
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Figure 10.35: Change of the carbonation coefficient A in function of the curing 
period before exposure to a climate containing 10 vol% CO2 at 20°C and 60 % RH. 

A phenolphthalein indicator only indicates whether the pH is higher or lower than ~ 
9 but beyond this colour change boundary, concrete can be partially carbonated. In 
these zones, the pH is also reduced, but remains higher than ~ 9. Since other 
researchers ((Hamada, 1968) cited by (Thiery et al., 2007)) mentioned that steel 
corrosion was already observed at pH values higher than 9, the position of the 
carbonation front was examined more in detail by optical microscopy. Under 
crossed polars, this technique allows to distinguish the carbonated and non-
carbonated zones by the colour. As can be seen in Figure 10.36, carbonated zones 
stain lighter and although the front can be easily determined, the margins are 
irregular (e.g. isolated uncarbonated zones (Figure 10.36 (S50)), a deeper 
carbonation front around some aggregates (Figure 10.36 (S85))).  

    

Figure 10.36: Visualisation of the carbonation front (upward CO2 ingress) by 
optical microscopy (S0, S50, S70 and S85 (18 M)). Carbonated zones coloured 
‘brown’. 

Nevertheless, mean values for the carbonation depths as obtained by both techniques 
(phenolphthalein spraying (PS) and optical microscopy (OM)) are compared in 
Table 10.12. For the reference mixtures, which showed no carbonation based on PS, 
a very small (0.1 – 0.7 mm) carbonated zone could be detected by OM. However, no 
logical relation with the exposure time could be found. This is not so surprising 
since: (i) the carbonation front is positioned near the surface (small depths), (ii) 
every test is performed on another test specimen and concrete is not a homogeneous 
material, (iii) thin sections are small (35 × 45 mm) and only a limited amount (4 or 
5) of measurements could be taken over the width. For the BFS concrete mixtures, 

 S0 S50  S70 S85 
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the carbonation front as obtained by OM is in general located deeper. Deviations up 
to 3 mm were registered. However, the same remarks as mentioned above had to be 
taken into consideration.  

Table 10.12: Comparison between the carbonation front (in mm) obtained by 
phenolphthalein solution (PS) and optical microscopy (OM) for specimens stored in 
a climate room at 20°C and > 95% RH (CR) or in a carbonation cabinet (CC) for 4, 
8 or 16 weeks (test age = 18 months). 

Exposure time S0 S50 S70 S85 
  PS OM PS OM PS OM PS OM 
4 weeks CR 0 0.5 0 0.1 1.2 1.4 1.6 2.0 
 CC 0 0.7 0.8 0.5 2.8 2.0 8.6 10.8 
8 weeks CR 0 0.7 0 0.4 1.0 1.8 1.9 0.5 

 CC 0 0.3 1.0 2.0 9.0 9.6 16.3 17.5 
16 weeks CR 0 0.1 0 0.6 2.2 5.4 2.8 2.5 
 CC 0 0.2 1.4 3.2 13.2 12.2 28.1 24.2 

The carbonation coefficients as determined before are based on accelerated 
carbonation tests, which expose the specimens to a 10% CO2 environment. In real 
circumstances, the CO2 content of air ranges between 0.03% and 0.3 % and can 
exceptionally increase up to 1 % (Audenaert, 2006). The conversion formula is 
given by Eq. (10.4) with xacc, Aacc and cacc respectively the carbonation depth, 
carbonation coefficient and CO2 concentration in accelerated tests, xenv, Aenv and cenv 
respectively the carbonation depth, carbonation coefficient and CO2 concentration in 
a real environment. 

env

acc

env

acc

env

acc

c

c

A

A

x

x ==  (10.4) 

In Table 10.13, the depths of the carbonation fronts after 1 and 50 years are 
estimated based on the above mentioned carbonation coefficients (after 1 and 3 
months) for concrete containing different amounts of BFS exposed to an 
environment containing 0.03 vol% or 0.3 vol% CO2. To detect whether carbonation-
initiated corrosion is a risk for the structure within its life span, these values must be 
compared to the thickness of the concrete cover. In EuroCode 2, the minimum 
thickness of the concrete covers is specified for XC environments (which are related 
to carbonation). Since the accelerated carbonation tests were performed at a RH of 
60%, which is favourable for carbonation, the values of Table 10.13 were compared 
to a concrete cover thickness of 25 mm (applicable in a XC3 environment). The 
carbonation depths after 50 years for S50 are acceptable for environments containing 
0.03 and 0.3% CO2, while that of S70 and even S85 is acceptable only if the 
environment contains small percentages of CO2. As the CO2 content increases up to 
0.3%, longer curing periods can limit the carbonation degree of S70 and S85, but not 
to an extent that the corrosion risk is excluded. In these circumstances, S70 and S85 
do not fulfil the requirements. Remark that the carbonation front as determined by 
the colour change boundary of a phenolphthalein solution does not indicate the 
maximum front (see above) and a more conservative approach can better take a safe 
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margin into account. Moreover, the actual concrete cover can vary due to 
construction practices (Fib CEB-FIP, 2006). Therefore, a risk analysis which takes 
into account several safety factors should be performed. Here, only a simple method 
was applied to have an idea of the carbonation depth after 50 years in real 
circumstances. 

Table 10.13: Estimate of the carbonation depth (in mm) (based on carbonation 
coefficients obtained after curing for 1 month (A1) or 3 months (A3)) after 1 and 50 
years exposure to a 0.03% or 0.3% CO2 environment. 

 S0 S50 S70 S85 
x1 year, A1, 0.03% 0 1.0 2.29 3.39 
x50 year, A1, 0.03% 0 7.07 10.17 23.96 
x1 year, A3, 0.03%  0 0.34 1.21 2.26 
x50 year, A3, 0.03% 0 2.43 8.57 15.95 
x1 year, A1, 0.3% 0 3.16 7.23 10.72 
x50 year, A1, 0.3% 0 22.34 51.14 75.78 
x1 year, A3, 0.3%  0 1.09 3.83 7.13 
x50 year, A3, 0.3% 0 7.69 27.10 50.40 

From the figures in Table 10.13, the question arises whether the A1 or A3 
carbonation coefficient has to be taken into account to predict the carbonation depth 
within the concrete’s life span. On the one hand, the carbonation depths calculated 
with A1 are probably too high: the positive effect of the continuing hydration on the 
carbonation resistance is not taken into account since the carbonation depth which 
will be obtained in real circumstances after several years is already obtained after a 
few days in the accelerated carbonation tests. On the other hand, a calculation of x50 

year with A3 probably underestimates the real value since most of the structures are 
not cured for 3 months and the worse performance at young ages is neglected. In 
Figure 10.37, another approach is suggested to determine the carbonation depth in 
real circumstances (example for S70). First of all, the curves from the accelerated 
tests are converted with formula (10.4) to those corresponding with a real 
environment (CO2 content of 0.03% assumed in Figure 10.37). During the first two 
months (after the concrete is cured for 1 month), it is assumed that the carbonation 
depth increases with time as indicated by curve ‘S70-1M-0.03 vol% CO2’. However, 
at the age of 3 months another curve is available which takes into account the 
ongoing hydration. Since the concrete was already carbonated over ~ 1 mm (purple 
curve at 91 days), the pink curve (S70-3M-0.03vol% CO2) is shifted to the purple 
one (Figure 10.37 – right side). Because the carbonation coefficients at 3, 6 and 12 
months are roughly the same, the black curve can be assumed as the final one. The 
values of x50 years, Afinal, 0.03% obtained in this way (2.47, 8.61 and 16.00 for 
respectively S50, S70 and S85) are then only slightly higher than those obtained by 
using A3. Remark however that the A3 values are obtained from test specimens 
which were cured for 3 months at 20°C and > 95% RH. In real circumstances, 
curing will not last as long and the actual carbonation depths will be somewhere in 
between xA1 and xA3. From these test results, we can propose a better test procedure: 
cure the test specimens for e.g. a few weeks at 20°C and > 95% RH, then store them 
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in a climate room at 20°C and 60% RH and determine the values of A at different 
ages. 
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Figure 10.37: Determination of the carbonation depth in a 10 vol% and 0.03 vol% 
CO2 environment in relation with the curing age (1M, 3M, 6M or 12M). 

10.5.2 Influence of carbonation on the porosity of concrete 

To detect the influence of carbonation on the porosity of OPC and BFS concrete, 
vacuum saturation tests were performed on concrete test specimens which were 
stored either in the carbonation cabinet or in the climate room (20°C and > 95% RH) 
after curing. As shown in Figure 10.38 and Figure 10.39, water porosity tests can 
give interesting information concerning the effect of carbonation and the results 
revealed a relation between the open porosity after preparatory drying at 40°C (for 
14 days) or 105°C (until constant mass) and the carbonation depth for BFS concrete.  
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Figure 10.38: Open porosity (after drying at 40°C for 14 days) in function of the 
carbonation depth. 
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ϕ40°C increases as the carbonation front (determined by the phenolphthalein 
indicator) progresses. Since higher values of ϕ40°C indicate that more water can 
evaporate during oven-drying (at 40°C during 14 days), and thus more water can be 
absorbed during the subsequent vacuum saturation, the permeability of BFS concrete 
seems to be increased as carbonation proceeds. Nevertheless, the total open porosity 
ϕ105°C slightly decreases (although the measurements show some scatter, this trend 
can be observed in Figure 10.39) as the carbonation depth increases. This means that 
despite the pore structure is restructured and becomes coarser, the total open 
porosity is not negatively affected. However, permeability of concrete is more 
important with respect to the ingress of aggressive constituents (as e.g. CO2, 
chlorides, …).  
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Figure 10.39: Open porosity (after drying at 105°C until constant mass) in function 
of the carbonation depth. 

As mentioned above, no carbonation was recorded (by a phenolphthalein indicator) 
for the reference OPC concrete, even when the specimens were exposed in the 
carbonation cabinet. However, as can be seen in Figure 10.40, exposure to a 10 
vol% CO2 environment yields values of ϕ40°C and ϕ105°C which are slightly lower 
than those obtained for reference samples which were further cured at 20°C and > 
95% RH. This means that (although no carbonation was detected by a 
phenolphthalein indicator) the specimens were already partly carbonated and 
carbonation of OPC concrete is associated with a refinement of the pore structure.  
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Figure 10.40: Effect of the ingress of CO2 on ϕ40°C and ϕ105°C for OPC concrete. CC 
(= carbonation cabinet): test specimens exposed to an environment containing 10 
vol% CO2 at 20°C and 60% RH at an age of 1 (left) or 18 (right) months; CR (= 
climate room): test specimens which have been stored in a climate room at 20°C and 
> 95% RH. 

The findings as presented above, were confirmed by microscopic investigation of 
thin sections. Since the specimens were impregnated with fluorescent epoxy and the 
intensity of fluorescence of the cement paste is a function of the capillary porosity 
(NT Build 361 (1991)), the difference in porosity between carbonated and non-
carbonated zones could be assessed by optical microscopy. In Figure 10.41, three 
examples (S0, S50 and S85) are presented. While the intensity of the fluorescence is 
about the same in the carbonated and the non-carbonated zones for the reference 
concrete, BFS concrete shows a higher capillary porosity (and thus a higher 
fluorescence) in the carbonated zones than in the non-carbonated zones. 
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Figure 10.41: Microscopic investigation of test specimens exposed to a 10 vol% 
CO2 environment (left: transmitted light, middle: crossed polars (carbonated zone = 
brown), right: fluorescence microscopy (a higher capillary porosity corresponds to a 
higher intensity)).  

Together with the test results obtained in Chapter 5 and 6, the behaviour of BFS 
concrete with regard to carbonation can now be explained.  

Since carbonation includes different reactions, the processes are once more 
summarized: firstly, CO2 diffuses in the gas phase of the concrete pores, then the 
CO2 dissolves in the aqueous film on the pore walls whereupon it can react with CH, 
which is also dissolved in the pore solution. Besides, CO2 can also react with CSH 
and some unhydrated phases (Papadakis, 2000).  

The diffusion of CO2 through a carbonated layer depends thus on the permeability of 
the paste: 

- In Chapter 6 (section 6.7), the gas permeability coefficients (ka) for oxygen 
were discussed and although the gas permeability as well as the carbonation 
rates increase with increasing BFS content, no clear relation could be found 
between the carbonation coefficient and the gas permeability (remark that 
the reliability of these results was not high). This is not so surprising since 
the CO2 diffusion through a carbonated layer had to be considered instead 
of the oxygen permeability through sound concrete.  

- Figure 10.38 clearly showed that the permeability increases once the BFS 
specimens are carbonated. The increased permeability for BFS concrete 

S0 

S50 

S85 
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indicates that other hydration products than CH are attacked by CO2 
(otherwise a densification of the structure should be obtained since CaCO3 
takes in a higher volume than CH). Because BFS concrete contains merely 
a low amount of CH (in comparison to OPC concrete) and the C/S ratio of 
the hydration products is lower than in OPC concrete (due to the lower CaO 
content and higher SiO2 content of BFS in comparison to OPC), BFS 
concrete is especially susceptible to carbonation shrinkage. 

- Based on these findings, a quite good correlation was found between the 
carbonation coefficient and √(ka/CH) (Figure 10.42). Remember however 
that the assessment of the CH-content of pastes containing high amounts of 
slag (CP85) was less accurate because of the small amounts (see section 
5.1.2).  
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Figure 10.42: Evolution of the carbonation coefficient of BFS and OPC 
concrete in function of the √(ka/CH). 

Moreover, it was recorded that the carbonation resistance of BFS concrete increases 
as the specimens are cured for longer times (especially between 1 and 3 months). 
This finding can be related to the hydration process of BFS-OPC and the 
microstructure development of BFS concrete: 

- Looking at the results obtained from TG (bound water content and CH 
content) (section 5.1) and BSE (section 5.2), it seems that reactions in BFS 
concrete still proceed between 1 and 3 months (at a higher rate than those 
in OPC concrete). The bound water content of BFS pastes (in g/100g 
binder) increased by a factor ~1.15 between 1 and 3 months, while this 
factor is merely ~1.05 between 3 and 6 months. For OPC pastes, these 
values are respectively ~1.06 and ~1.02. Remark also that the bound water 
content, as shown in Figure 5.1, still increases at ages later than 6 months 
for CP50, while the increase is less for CP0 and CP85. This finding 
corresponds with the evolution of A in function of age as can be seen in 
Figure 10.35.  
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Moreover, a good correlation could be found between the carbonation 
coefficient and the bound water content (Figure 10.43). Since the bound 
water content increases as hydration proceeds and also depends on the slag 
content of the mix, it can be correlated to the carbonation coefficient.  

0

0.5

1

1.5

2

2.5

3

3.5

4

2 7 12 17 22 27

wb (g/100g binder)

A
 (

m
m

/d
a

ys
0,

5 )

S0
S50
S85

48.305/wb - 2.329=A

 
Figure 10.43: Evolution of the carbonation coefficient of BFS and OPC 
concrete in function of the bound water content (determined on cement 
pastes by TG). 

- The CH-content (Figure 5.5) decreased more than proportional to the 
cement replacement percentage but remained rather constant after 1 month 
for the different mixes (remark that it is difficult to draw some conclusions 
since the test results showed a lot of scatter). The evolution of the CH-
content can thus not explain the improved performance of BFS concrete 
with longer curing times. 

- Between 1 and 3 months, the compressive strength (see Chapter 7) still 
increased considerably for BFS concrete and the open porosity (ϕ40°C) 
(Figure 10.38) of BFS concrete (non-carbonated as well as carbonated) 
decreased. The BFS concrete became thus less permeable with age 
(especially before 3 months) because more hydration products were 
formed. 

10.6 Resistance to the alkali-silica reaction 

Figure 10.44 shows the evolution of the expansion in function of time for concrete 
cylinders (age: 1 week and 5 months) with coarse, white glass, exposed to a 1 M 
NaOH solution at 80°C for 19 to 24 days. Since each measurement series contained 
up to two outliers, which were not taken into account because the values were 3 to 
35 times higher than the subsequent highest expansion value, the mean values 
obtained from 4 to 6 test specimens were presented. Moreover, only the standard 
errors of the last values are indicated in order to gain a better view of the test results. 
The limit values, which separate the different regions (< 0.1%: not reactive (green 
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zone in Figure 10.44); 0.1 – 0.2%: undefined (the so called grey zone); > 0.2%: 
reactive (red zone in Figure 10.44) (Desmyter et al., 2001)) are also indicated.  

As can be seen in Figure 10.44, the replacement of cement by slag enhances the 
resistance against ASR considerably. From a one-way ANOVA with Dunnett’s T3 
Post Hoc test, preceded by a Levene’s test, it seems that the expansion of S50 
(glass), S70 (glass) and S85 (glass) at 20 days is significantly reduced in comparison 
to that of the reference concrete S0 (glass) (except for S85 at the age of 1 week, for 
which no significant difference can be found with S0). Moreover, the older the test 
specimens, the higher the expansion is. A possible reason for this can be that the 
more open pore structure of young samples offers place for the swelling alkali-silica 
gel, while the gel causes higher swelling pressures in the dense microstructure of 
older specimens, leading to higher expansions. Maybe, there is also a competition 
between BFS and the aggregates for the alkalis at young ages.  
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Figure 10.44: Evolution of the expansion of concrete cylinders, exposed to a 1 M 
NaOH solution at 80°C, in function of time, with indication of the standard error for 
the last measurement. 
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To check whether the expansions significantly deviate from the presupposed value 
of 0.1% at the age of 20 days, t-tests (level of significance = 0.05) were executed. 
The results are tabulated in Table 10.14. Since the expansion of S0 is significantly 
higher than 0.1 % (even significantly higher than 0.2% at 5 months), the reactivity of 
coarse white glass in combination with OPC concrete is confirmed and S0 (glass) 
can be used as reference to investigate whether BFS can suppress the expansions due 
to ASR. From the current research results, it seems that 50% and 70% replacement 
of cement by slag reduces the expansions to values below 0.1%. However, an 
increase of the cement replacement level up to 85% corresponds to an increase of 
the expansion, so the values do not differ significantly from 0.1%.  

Table 10.14: Results of a statistical analysis (t-test with a significance level of 0.05) 
which indicate whether the expansions of S0, S50, S70 and S85 after a 20 days 
Oberholster test significantly deviate from 0.1 % or not (NSD = no significant 
difference). 

Age S0 (glass) S50 (glass) S70 (glass) S85 (glass) 
1 week > 0.1% < 0.1% < 0.1% NSD with 0.1% 
5 months > 0.1% NSD with 0.1% < 0.1% NSD with 0.1% 

Visual inspection of the concrete cylinders after the test confirmed the test results: 
all test specimens showed cracks, crumbling and deterioration of the aggregates, but 
the degradation was the highest for the reference concrete (Figure 10.45).  

   

Figure 10.45: Degradation of concrete specimens exposed to a 1 M NaOH solution 
for 20 days at 80°C. 

To examine the degradation more in detail, thin sections were made from the 
concrete specimens tested at an age of 5 months. As can be seen in Figure 10.46, 
optical microscopy allows to visualize the crack formation in the glass particles. 
According to Vegt (2003), glass particles could be damaged during breaking, 
washing and mixing in the mortar/concrete mixer. Particularly at these places, cracks 
initiate. As a consequence alkalis can penetrate deeper and the deterioration process 
continues.  

S0 after the Oberholster test – 
test age = 1 week 

S85 after the Oberholster test – 
test age = 1 week 
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Figure 10.46: Crack formation and alkali-silica gel in concrete specimens exposed 
to the Oberholster test. 

Due to shrinkage and cracking (mainly perpendicular to the crack) of the alkali-
silica gel during preparation of the thin sections, the cracks were partly filled with 
fluorescent epoxy (especially visible in Figure 10.46 (b)). Moreover, small cracks 
could be noticed in the cement matrix, but no alkali-silica gel was formed. These 
cracks can however be filled with gel later on, causing additional swelling and 
deterioration of the concrete (Vegt, 2003). 

Comparing the thin sections of the different concrete types reveals that: (i) S0 (glass) 
shows a lot of cracks (within the glass particles, cement matrix and in the interfacial 
transition zone) and alkali-silica gel within the aggregate cracks, (ii) no cracks and 
gel can be found in the interior part of the S50 (glass) and S70 (glass) concrete 
cylinders; only at the surfaces, a limited amount of gel and cracks can be noticed 
(see Figure 10.46 (c)), (iii) crack and gel formation is ubiquitous in S85 (glass). 
These findings correspond quite well with the results from the Oberholster test and 
indicate that the pore structure of S50 (glass) and S70 (glass) is denser, inhibiting 
the ingress of alkalis in the concrete. For S85 (glass), the findings are slightly 
contradictory: in comparison to S0 (glass), more cracks can be seen but the 
expansion is not as high. This can probably be explained by crumbling and crack 
formation (not caused by ASR) during sample preparation (see Figure 10.46 (d)).  

In literature, it is generally accepted that BFS enhances the concrete’s resistance to 
ASR, but the considered cement replacement percentages almost never exceed 70% 
(see section 8.7). From the accelerated degradation tests (with an external supply of 
alkalis and a temperature of 80°C) of this research, it seems however that an 
increase of the cement replacement above 70% has a negative effect (in comparison 
to concrete with lower s/b ratios) on the performance concerning ASR. Moreover, 
compared to the reference concrete, S85 performs better. Similar findings were also 
described in (Higgins and McLellan, 2009). Therefore, recommendations which 
only prescribe a lower limit value for the cement replacement by BFS to consider 
the concrete as ASR resistant (Desmyter et al., 2001; ASTM C989-6), are probably 

(a) S0 (glass) (c) S50 (glass) (b) S0 (glass) (d) S85 (glass) 

(e) S0 (glass) (f) S85 (glass) 
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not safe enough. From the current research it seems that a more conservative 
approach should also take an upper limit into account.  

10.7 Performance of BFS concrete 

10.7.1 Durability index 

In Figure 10.47, the performance of BFS concrete mixtures (S50, S70 and S85) is 
compared with that of OPC concrete (S0) by means of durability indices (DI) (Kaid 
et al., 2009). These indices are defined according to formula (10.5), in such a way 
that values higher than 1 indicate that BFS concrete performs better than OPC 
concrete. General durability indicators (parameters which are related to the 
microstructure (e.g. open porosity, sorptivity and gas permeability) and parameters 
with respect to hydration) as well as mechanical (compressive strength) and specific 
durability indicators (acid, sulphate, chloride, carbonation, frost-salt, ASR 
resistance) are considered. The properties for which a higher value corresponds to a 
better performance of the mixture are underlined in the list underneath Figure 10.47. 
Only for the CH-content, it is not clear whether a higher value is positive or 
negative: with regard to the acid resistance, mixtures with a low CH-content perform 
better, while the opposite is the case with regard to carbonation. In Figure 10.47, the 
durability index for the CH-content is calculated with the second formula of (10.5). 

concrete BFS ofproperty certain  afor  value

concrete OPC ofproperty certain  afor  value
DI

concrete OPC ofproperty certain  afor  value

concrete BFS ofproperty certain  afor  value
DI

eperformanc ,value

eperformanc ,value

 →

 →

↓↑
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 (10.5) 
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50% replacement of cement by slag - 6M

0

1

2

3

4

5
1

2
3

4

5

6

7

8

9

13
1415

16

20

21

22

23

24

25

26
27

70% replacement of cement by slag - 6M

0

1

2

3

4

5
1

2

3

4

5

6

7

13

15
16

20

21

22

23

24

25

26

27

85% replacement of cement by slag - 6M

0

1

2

3

4

5
1

2

3

8

13

14

15

1620

21

22

24

25

26

27

 
50% replacement of cement by slag - 12M
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1. ϕ40°C -% 10. CSH+CH - % (BSE) 19. Sulphate (TAP – MgSO4 – ∆Ra) - mm 

2. ϕ105°C - % 11. CH - % (BSE) 20. Dnssm MS – m²/s 

3. ϕ105°C-40°C - % 12. α - % (BSE) 21. Dnssm IS – m²/s 

4. S40°C - kg/m²/√h 13. fc,concrete – N/mm² 22. Dnssd (4w) – m²/s 

5. Sg40°C - kg/m²/√h 14. fc,mortar – N/mm² 23. Dnssd (13w) – m²/s 

6. S105°C - kg/m²/√h 15. degradation depth (acid) - mm 24. scaling MS – kg/m² 

7. ka – m² 16. Ra - mm 25. scaling IS – kg/m² 

8. wb– g/100g binder (TGA) 17. Sulphate (ASTM) - % (age: a 
few days) 

26. A (mm/√dag) 

9. CH-content– g/100g binder 
(TGA) 

18. Sulphate (TAP – Na2SO4 – 
∆Ra) - mm 

27. ASR - % (test age: 1 week and 5 
months) 

Figure 10.47: Indices for durability and strength to compare the performance of 
BFS concrete mixtures (s/b = 0.5, 0.7, 0.85) with OPC concrete. 
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Some general conclusions which can be drawn from the diagrams in Figure 10.47 
are listed below: 

- On the one hand, the specific durability indices with respect to acid attack, 
sulphate attack (completely immersed), chloride ingress, frost-salt scaling 
(interior surfaces) and ASR are generally (much) higher than 1 for all BFS 
mixtures. On the other hand, the durability indices for sulphate attack 
(cyclically submerged), frost-salt scaling (moulding surfaces) and 
carbonation are lower than 1 and decrease as the cement replacement 
percentage increases. Mixes in which 50% of the cement is replaced by 
BFS perform almost as well as or even better than OPC mixes, except for 
carbonation. Remark however that the BFS mixes are compared to the S0-
mix. The composition of this mix does not always fulfil the requirements 
for reference mixtures, defined in EN 206-1 and NBN B15-001, for each of 
the exposure classes. 

- For the different degradation mechanisms totally different DI-values are 
obtained. However, the parameters with respect to the microstructure all 
have a value around 1 (taking into account that the test results for one type 
of concrete also show some scatter and that only the mean values are 
presented in Figure 10.47). One exception is the gas permeability, which is 
always higher for BFS concrete (and which partly explains the low 
carbonation resistance of BFS concrete). Moreover, for high cement 
replacement levels, the sorptivity of BFS concrete is sometimes (but not 
consistent at all ages) higher for BFS concrete.  

- The indices regarding hydration are slightly lower than 1 for mixtures in 
which 50% of the cement is replaced by BFS. Only the CH-content has a 
index which reaches values up to 2.5. For mixtures in which 85% of the 
cement is replaced by BFS, the indices are very low, indicating that a large 
part of the slag particles remain unhydrated. The CH-content in these 
mixtures is very low and the durability index, as calculated here, is 
therefore very high (up to 20). 

- Although the mechanical performance of S85 and M85 is very low in 
comparison to that of S0 or M0, S85 performs very good with respect to 
acid attack, chloride ingress and sulphate attack (completely immersed). 

It seems that specific durability indicators cannot be predicted based on the general 
and the mechanical indicators alone. An investigation of the general indicators with 
respect to microstructure is thus not sufficient to pronounce upon the concrete’s 
behaviour in specific environmental climates. This conclusion was also formulated 
by Kaid et al. (2009) for concrete containing natural pozzolans. 

10.7.2 k-value concept 

To assess the influence of slag on the strength of concrete, the k-value concept is a 
generally known principle. In the national supplement (NBN B15-001 (2004)) of EN 
206-1 (2000), the k-value concept for slag as type II addition is drawn up. However, 
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the compatibility of these values with the recommended limit values for composition 
and properties of concrete  (Table 8.1 and Table 8.2) is not straightforward with 
respect to durability. So far, k-values are not commonly used for durability 
indicators (Kaid et al., 2009). However, some researchers attempted already to 
determine k-values for fly ash, silica fume and slag with regard to different 
degradation mechanisms (mainly chloride ingress and carbonation) (Papadakis et al., 
2002; Chroma et al., 2005; Valente et al., 2010). In this section, an attempt is made 
to calculate k-values for slag with regard to durability based on the experimental test 
results of the current research and results obtained from other researchers at the 
Magnel Laboratory for Concrete Research (De Belie, 1997; Yuan, 2008; Van den 
Heede et al., 2010; Van den Heede et al., 2011). Remark that these reference 
concrete compositions slightly differed from those of the current research (e.g. 
addition of superplasticizer, slightly different gravel, sand and water content). This 
can have an effect on the k-values. However, the limited amounts of tests results 
obtained in the current research can also only provide an estimate of the k-values 
and more tests (reference as well as BFS mixtures with different w/b ratios) are 
needed to validate these values.  

An estimation of the k-values was made based on the graphical method as shown in 
Figure 10.48 by an example with respect to chloride migration: (i) the degradation 
parameter (here Dnssm) is plotted against the w/c factor for the reference OPC mixes, 
(ii) the data concerning the BFS mixes are indicated on the graph on the assumption 
that k = 1, (iii) the values of k corresponding with the translation of the measuring 
points to the reference curve are calculated. Remark that merely the mean values of 
the properties for each of the mixes are applied. 
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Figure 10.48: k-value concept applied for the durability characteristic ‘chloride 
migration’. 

With regard to chloride migration, k-values of 1.3, 1.6 and 1.9 are obtained 
respectively for BFS in S50, S70 and S85 (3M). This indicates that BFS improves 
the concrete’s chloride resistance considerably. The performance of BFS mixes (w/b 
= 0.5 and total binder content of 350 kg/m³) containing 50%, 70% and 85% slag 
corresponds to that of reference OPC mixes with w/c ratios of respectively 0.42, 
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0.34 and 0.28. The performance of an OPC mix having a w/c ratio as low as 0.28 
was however not tested, but the performance of BFS mixes with regard to chloride 
ingress still corresponded to that of reference mixes with an ‘acceptable’ w/c ratio. 

The s/c ratios of the mixes (S50 = 1, S70 = 2.3 and S85 = 5.7 (column 2 of Table 
10.15)), tested in the current research, were not limited to the requirements of the k-
value concept described in NBN B15-001 (s/c = 0.45 or 0.2 depending on the 
exposure class and the presence of reinforcement). Nevertheless, the rules of the 
standard with regard to minimum cement content were applied on this example.  

- A maximum reduction of the minimum cement content (cmin) requirement 
of [k·(minimum cement content – 175)] kg/m³ is allowed.  

- The effective cement content (ceff = c + k·s) may never be less than the 
minimum cement content requirement of EN 206-1. The effective cement 
contents in the S50, S70 and S85 mixes (ceff, mix) are calculated and amount 
to respectively 331 kg/m³, 325 kg/m³ and 318 kg/m³ if a k-value of 0.9 is 
applied. If the k-values obtained for chloride ingress are taken into account, 
these values are respectively 400 kg/m³, 495 kg/m³ and 613 kg/m³ (column 
4 of Table 10.15). 

Since chloride ingress is concerned, the most stringent reference mix of XS and XD 
exposure classes is taken into account: T(0.45), having a w/c ratio of 0.45 and a 
minimum cement content of 340 kg/m³. The requirements as mentioned above can 
then be converted to: 

- cmin’ = 340 – k · (340-175) [kg/m³] (column 5 of Table 10.15) 

- cmin’’ = 340 / (1 + k · (s/c)mix) (column 6 of Table 10.15) 

The minimum cement content (cmin’’’ = maximum of cmin’ and cmin’’) is then applied 
to determine the real minimum binder content in mixes with the defined (s/c)mix 
ratios (1, 2.3 and 5.7) (bmin = cmin’’’ + (s/c)mix · cmin’’’) . The results in Table 10.15 
clearly show that the application of these prescriptions for higher s/c ratios and 
higher k-values is not satisfactory. For the k-values obtained here (1.3, 1.6 or 1.9 for 
respectively s/c = 1, 2.3 and 5.7), the real binder content is low and the performance 
of the concrete mixes containing this amount of (supplementary) cementing material 
is probably not good enough. 

Table 10.15: k-value concept of BFS, applied beyond the scope of NBN B15-001.  
Mix (s/c)mix k-value ceff, mix cmin’  cmin’’  bmin 

S50 1 0.9 (standard) 331 192 179 384 
S70 2.3 0.9 (standard) 325 192 110 634 
S85 5.7 0.9 (standard) 318 192 56 1287 
S50 1 1.3  400 126 148 296 
S70 2.3 1.6 495 76 72 250 
S85 5.7 1.9 613 27 29 194 

For other durability characteristics, the k-values were also estimated (Table 10.16). 
However, with respect to acid resistance, the performance of the BFS mixes is much 
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better than that of OPC mixes. As a consequence, an extrapolation of the reference 
graph beyond the ‘normal’ (0.3 – 0.8) w/c ratios had to be done. Since the 
performance of these reference mixes (w/c < 0.3) was not tested (and the shape of 
the reference curve in this zone is thus unknown) obtained k-values are doubtful. 
Moreover, if the w/c ratio is reduced, the hydration degree of cement can become 
limited and the properties of the concrete are getting worse.  
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Figure 10.49: k-value concept applied for the durability characteristic ‘acid attack’. 

With respect to carbonation, a similar problem appeared: the worse performance of 
BFS mixes corresponds to that of reference mixes with a very high w/c ratio. Again, 
no test results were available for such mixes and uncertain (but also extreme) k-
values are obtained. Moreover, in (Neville, 1995), it is mentioned that the w/c factor 
is not a good parameter to evaluate carbonation. The w/c factor does not reflect well 
the properties of the moulding (or trowelled) surface, which are mainly influenced 
by curing. 

Because of all the difficulties associated with the k-value concept applied on 
durability characteristics (especially when the mix with additions performs 
extremely better or worse than the OPC mixes) and the large amount of test mixes 
necessary to obtain reliable k-values, the equivalent performance concept, as 
described in section 10.7.3, seems to be more promising. 
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Table 10.16: k-values for the different durability characteristics in function of age 
and cement replacement level. 

Durability characteristic Age S50 S70 S85 
Acid attack     
- degradation depth (mm) 1 M 5.5* 4.5* 4.3* 

- surface roughness (mm) 1 M 3.1* 2.9* 2.7* 

Carbonation     
- carbonation coefficient 
(mm/√day) 

1 M 0.30* 0.21* 0.24* 

Chloride ingress     
- Dnssm (× 10-12 m²/s) 3 M 1.3 1.6 1.9 
Frost-salt attack     
- scaling (kg/m²) 3 M 1.0 / / 

* doubtful test result 

Remark also that the rules in the standard (NBN B15-001 (2004)) are more stringent 
for BFS added to the concrete mix as type II addition than as a component in 
blended cements (CEM III/A, CEM III/B or CEM III/C). While the s/c ratios are 
limited to 0.45 or even 0.2 (unreinforced and exposed to a XF environment; 
reinforced or prestressed and exposed to one of the classes XF and XC3 or XC4) 
when slag is added as a separate component, these ratios are much higher in blended 
cements and amount to 0.56 – 1.94 for CEM III/A, 1.94 – 4.26 for CEM III/B and 
4.26 – 19 for CEM III/C. Restrictions with regard to the application of these cements 
in some environments are not explicitly mentioned in the standard. 

10.7.3 Equivalent performance concept 

The standard NBN B15-100, which was first published in 2008, describes a 
methodology for the assessment and validation of the fitness for use of cements or 
additions of type II for concrete. A schematic drawing of the content of this code is 
shown in Figure 10.50.  

The principles of this equivalent performance concept for durability characteristics 
were applied in the current research to evaluate the performance of concrete mixes 
containing high amounts of BFS (S50, S70 and S85). However, since the standard 
came out in 2008, and a large part of the durability tests, executed during this 
research, started earlier, the requirements of the standard were not all fulfilled. In 
Table 10.17, the main differences concerning curing, conditioning, measuring 
procedure, etc. are tabulated for the durability characteristics discussed in this thesis. 
Remark that the NBN B15-100 (2008) prescribes reference test methods, but 
alternatives may be proposed. 

In spite of these differences, the performance of BFS concrete was evaluated based 
on this concept and the results are tabulated in Table 10.18. As can be seen, the 
exposure class (EC) and reference concrete mix (ref) corresponding with a certain 
durability characteristic were defined and the test results for this mix were compared 
with those of the test mixes (S50, S70 and S85). The equivalent performance of BFS 
concrete is demonstrated with regard to acid attack, sulphate attack, chloride ingress 
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and the alkali-silica reaction. For carbonation and frost-salt attack, the performance 
of BFS concrete was poor. Remark however that the equivalent performance 
concept does not consider interaction between different degradation mechanisms. 

 

 

Figure 10.50: Summary of NBN B15-100 (2008) 
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Table 10.17: Test procedures with regard to durability described in NBN B15-100 
(2008) in comparison to the test methods applied in the current research. 

NBN B15-100 (2008) Current research 
CARBONATION  

Concrete prisms: 100 × 100 × 400 mm Concrete cubes: 100 × 100 × 100 mm 

Curing: part of the specimens for 55 days at 20°C 
and > 95% RH, another part for 55 days at 20°C and 
60% RH 
Conditioning: 14 days at 50°C and 7 days at 20°C 
and 60% RH 

Curing: 1, 3, 6 or 18 months at 20°C and > 95% RH 

Carbonation test: 1% CO2 - 20°C and 60% RH Carbonation test: 10% CO2 - 20°C and 60% RH 

Carbonation depth (d) is measured after 28 and 56 
days by spraying phenolphthalein solution 

Carbonation depth (d) is measured after 14, 28, 56, 
112 and 168 days by spraying phenolphthalein 
solution 

Criteria: carbonation depth 56d, test mix ≤ 1.20 × carbonation depth 56d, reference mix 

FROST-SALT ATTACK  
Procedure: conform NBN EN 1339-3(2003) 
(28 frost-thaw cycles) 

Procedure: conform NBN EN 1339-3(2003) 
(28 frost-thaw cycles) 

Curing: part of the specimens for 55 days at 20°C 
and > 95% RH, another part for 55 days at 20°C and 
60% RH 

Curing: 1, 3, 6 or 12 months at 20°C and > 95% RH 

Criteria: mass loss test mix ≤ 1.20 × mass loss reference mix 

CHLORIDE INGRESS 
Procedure: conform  
NT Build 443  
NT Build 492 

Procedure: conform  
NT Build 443 (chloride diffusion) 
NT Build 492 (chloride migration) 

Curing: part of the specimens for 55 days at 20°C 
and > 95% RH, another part for 55 days at 20°C and 
60% RH 

Curing:  
Diffusion: 6 months at 20°C and > 95% RH 
Migration: 1, 3, 6 or 12 months at 20°C and > 95% 
RH 

Criteria: chloride diffusion or migration coefficient test mix ≤ 1.40 × coefficient reference mix 

SULPHATE ATTACK  
Procedure: 
CUR – recommendation 48 (Cement, 1999) 
- mortar prisms: 20 × 20 × 160 mm 
- sulphate solution: 16 g SO4

2-/l 
- measurement of the length after 0, 4, 8, 12, 16, 20, 
26, 28, 40 and 52 weeks exposure 

Procedure: 
ASTM C1012-04 
Wittekindt procedure 
SVA procedure 
TAP (see Chapter 9 for more details) 

Criteria: expansion 12 M exposure, test mix ≤ 1.20 × expansion 12M exposure, reference mix 
or: expansion 12M exposure, test mix ≤ 0.05% 

ACID ATTACK  
Procedure: 
- cylinders h 100 mm; ø 113 mm 
- 20 wet/dry cycles (1day/1day) (acid or other 
aggressive chemical solution) 
- if desired, the specimens were brushed before 
weighing 
- constant pH of the solution  

Procedure: TAP 
- cylinders h 70 mm; ø 230 mm 
- alternately turning through the acid and the air 
(1.04 rev/h) during 6 weeks 
- specimens were brushed every week and the 
change in radius was measured by laser sensors 
- solution was replenished every week 

Curing: 55 days at 20°C and > 95% RH 
Conditioning: 24 hours at 20°C and 60% RH 

Curing: 1 and 6 months at 20°C and > 95% RH 

Criteria: mass loss test mix ≤ 1.20 × mass loss reference mix 

ASR 
Optional 
Procedure: 
- alkali content of the combination cement + type II 
addition is calculated and compared to the maximum 
allowable content (NBN B12-109 (2006)) 
- Test according to NF P18-594 

 
Procedure: Oberholstertest (see Chapter 9) 
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Table 10.18: Performance of BFS concrete in comparison to reference concrete 
mixes (NBN B15-001 (2004)). Different degradation mechanisms are considered, 
and the reference mixtures (ref) are determined based on the corresponding exposure 
classes (EC). If BFS concrete performs better than the reference mixture (for a 
certain criterium), the values are indicated in green, otherwise the values are 
coloured red.  

Durability characteristic Age EC Ref S0 S50 S70 S85 
Acid resistance  XA3(1)      
- degradation depth (mm) 1 M T(0.45) 2.07(2)  

0.77(3) 
2.85 0.37 0.31 0.22 

- surface roughness (mm) 1 M  0.84(2) 

0.60(3) 
1.23 0.31 0.20 0.17 

Carbonation  XC1      
- carbonation coefficient 1 M T(0.65) 0.54 0 0.95 2.18 3.24 
(mm/√days)  XC4      
 1 M T(0.50) 0 0 0.95 2.18 3.24 
Frost – salt attack  XF4      
- scaling (kg/m²) 1 M T(0.45) 0.77 / / / / 
 3 M T(0.45) 1.17 3.24 3.01 / / 
Chloride ingress  XD, XS 

(4) 
     

- Dnssm (× 10-12 m²/s) 1 M T(0.45) 12.7 14.0 7.7 10.5 8.1 
 3 M T(0.45) 9.5 12.4 8.1 5.4 4.0 
Sulphate resistance        
- expansion after 12 
months exposure to a 
sulphate solution of 50 g/l 
Na2SO4 

(5) (%) 

(6)   0.66 0.08(7) / 0.02 

ASR        
- alkali content (Na2O 
equivalent (%) 

 NBN B12-109 
(2006)(8) 

0.93 0.78 0.72 0.67 

- expansion (%) after 14 
days (9) 

1 W NF P18-594(10) 0.1 0.003 0.009 0.048 

 5 M   0.286 0.057 0.026 0.110 
(1) none of the exposure classes corresponds exactly; XA3 is a highly aggressive chemical environment 

(attack from natural soils and ground water) 
(2) since no reference is defined, the value for a concrete CEM I 42.5 (w/c = 0.39 and c = 375 kg/m³) is 

given 
(3) since no reference is defined, the value for a concrete CEM III/A 42.5 (w/c = 0.39 and c = 375 

kg/m³) is given.  
(4) XD: corrosion induced by chlorides other than sea water and XS: corrosion induced by chorides 

from sea water; T(0.45) is the most stringent reference for all these different classes. 
(5) ASTM C1012-04 test procedure on mortar prisms 
(6) Test started a few days after mixing. 
(7) Difficult to compare with the criteria since no reference mortar containing HSR cement was tested 

and the absolute limit of 0.05% was defined for a 16g/l SO4
2- solution. 

(8) Limit depending on the cement type: Na2O-eq. ≤ 0.60 % for CEM I LA; ≤ 0.90 % for CEM III/A LA 
(s/b < 50 %); ≤ 1.10% for CEM III/A LA (s/b ≥ 50%); ≤ 2.00 % for CEM III/B LA; ≤ 2.00 % for 
CEM III/C LA 

(9) Oberholster test 
(10) Microbar rapid test – Test procedure and specimens are different from the method applied in the 

current research – Impossible to compare the expansions obtained by both methods. 
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10.8 Conclusion 

The resistance of BFS concrete was compared to that of OPC concrete regarding 
acid attack, sulphate attack, chloride ingress, frost-salt scaling, carbonation and the 
alkali-silica reaction. The results indicate that general durability indicators as 
determined in Chapter 6 (e.g. open porosity, sorptivity and gas permeability) alone 
do not give an adequate prediction for the concrete’s resistance against these specific 
degradation mechanisms. These general parameters concerning microstructure 
development are about the same for OPC and BFS mixes (except for the gas 
permeability) and cannot explain the extremely better or worse performance of BFS 
concrete (in comparison to OPC concrete) with regard to certain degradation 
mechanisms. Also the chemical composition of the raw and hydrated materials and 
the hydration degree play a very important role. Moreover, different degradation 
mechanism can have an influence on each other (e.g. carbonation and sulphate 
attack, carbonation and frost-salt scaling) 

- Acid attack: BFS concrete, exposed to a lactic-acetic acid solution (pH ~ 2), 
performs significantly better than OPC concrete. Measurements of the 
degradation depth, surface roughness and pH increase of the acid solutions 
all show the same trend: the performance of S0 is worse and the concrete’s 
acid resistance does not improve considerably if the cement replacement 
percentage is increased from 50% to 85% (remember however that the 
compressive strength of S50 equals that of S0, while S85 has a 
considerably lower mechanical performance). Since lactic and acetic acid 
leach out Ca-ions, the better performance of BFS concrete was mainly due 
to the lower CaO content and the higher SiO2 content of BFS. Because of 
the higher CH content and higher C/S ratio in the cement hydration 
products, OPC concrete is more vulnerable towards acid attack: the 
attacked layer is porous, has almost no mechanical strength and can be 
easily removed by brushing. In BFS concrete, the CH content is strongly 
reduced, the C/S ratio in the hydration products is lower and decalcification 
leads to the formation of a silica(alumino)gel. From literature review it 
seemed that this layer hinders the further ingress of acids and contributes 
towards the better acid resistance of BFS concrete. 

- Sulphate attack: With regard to sulphate attack, a distinction had to be 
made between concrete structures which are completely submerged in 
sulphate solutions and those which are cyclically and partially submerged.  

(i) Completely submerged: BFS concrete performs better than 
OPC concrete. Different test procedures were applied (ASTM, 
SVA and Wittekindt), but no quantitative results could be 
obtained from the SVA and Wittekindt test procedure because 
of the limited expansions (and the low accuracy of the 
measuring equipment) during the defined measuring period. 
However, after more than 6 months exposure to the sulphate 
solution all reference mortars containing only OPC as binder 
degraded. Longitudinal cracks beneath the trowelled surfaces, 
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but also transverse cracks and crumbling could be observed. 
Ettringite was recorded in the ASTM specimens and gypsum 
was found in the Wittekindt test specimens. The mortars 
containing 50% or 85% slag remained almost intact. Storage 
of mortar prisms in MgSO4 solutions (during a period of 3 
months) did not alter the compressive strength, while the 
flexural tensile strength was significantly improved. 

(ii)  Cyclically and partially submerged: The circumferential 
surfaces of the TAP wheels, which alternately turned through 
the sulphate solutions and the air, were most degraded for 
concrete containing high amounts of BFS. The performance 
of S0 and S50 was almost similar. However, in comparison to 
the side surfaces which never came into contact with the 
solution, this deterioration was negligible. Crystals were 
formed on these side surfaces and the concrete below these 
crystals was degraded, especially for the mixtures containing 
high amounts of BFS and for the trowelled surfaces. Because 
of carbonation (demonstrated by XRD analysis and spraying 
phenolphthalein solution) crystallization pressure could be 
built up and the concrete was damaged. The specimens 
exposed to sodium sulphate solutions were most degraded. 
Thernardite crystals (white and soft) were formed, while 
epsomite (hard and light grey) was found in case of MgSO4 
attack. The measuring technique with TAP did not allow to 
quantitatively determine the degradation of these side 
surfaces. Therefore, it was proposed to use the TAP in future 
research regarding sulphate attack in a slightly different way. 
For specimens which remain in a fixed position the 
degradation just above the water level can be measured by the 
laser sensors and the deterioration can be accelerated by 
brushing at regular intervals. 

- Chloride ingress: Non-steady state migration and diffusion coefficients 
clearly show the better performance of BFS concrete with regard to 
chloride ingress. The level of replacement of cement by slag, being 50, 70 
or 85%, does not significantly alter the concrete’s chloride resistance. The 
ongoing hydration in BFS mixes causes still a significant decrease of the 
migration coefficients with time, while this is not the case for OPC 
concrete. 

Water soluble and acid-soluble chloride profiles were measured for the 
different concrete mixes. The results revealed that: 

(i) The water-soluble chloride content at the colour change boundary 
(AgNO3 solution) varies between 0.07 – 0.44 m% binder (test 
results from the RCTW tests after chloride migration tests), 0.58 – 
1.01 m% binder (test results from the potentiometric titrations 



 

Durability behaviour of concrete containing BFS 315 

 

after chloride migration tests) and  0.25 – 1.08 m% binder (test 
results from the potentiometric titrations after chloride diffusion 
tests).  

(ii)  The non-steady state migration coefficient, as calculated according 
to the simplified formula of NT Build 492 (which takes a chloride 
concentration of 0.07 mol/l into account at the colour change 
boundary), gives a good and safe approximation of the non-steady 
state migration coefficient and can also be used for BFS concrete. 
In the current research, free chloride concentrations up to ~ 0.46 
mol/l were measured at the colour change boundary (for OPC 
concrete as well as for BFS mixes). A maximum difference of 8% 
was noticed between the ‘simplified’ Dnssm values and ‘real’ Dnssm 

values (which take the real chloride concentration at the colour 
change into account).  

(iii)  The effect of cement replacement by BFS on the chloride binding 
capacity is not that pronounced: the binding capacity of S50 is 
quite similar to that of S0, while S70 has the lowest binding 
capacity. This finding is in contradiction with most of the literature 
data. Possible reasons to explain this discrepancy are: 

� Irrespective of the type of binder, the free chloride 
content was assumed to be 80% of the water-soluble 
chloride content. More research concerning the effect of 
binder type on the release of bound chlorides during 
water extraction is needed. Moreover, the effect of binder 
type on the relation acid-soluble – total chloride content 
needs further investigation. 

� The chemical composition of the raw materials can play 
an important role since the Al2O3 and Fe2O3 contents are 
related to chemical binding, while the CaO and SiO2 
contents are related to physical binding. In this research 
the Al2O3 and Fe2O3 contents of the slag (BFS (III)) are 
rather low (in comparison with the chemical composition 
of BFS in literature data which prove a higher binding 
capacity for BFS concrete) and chemical binding is 
therefore maybe not so much favoured as supposed. The 
‘CSH’ contents of CP0 and CP85 are comparable (age: 6 
months and later) and the ‘CSH’ content of CP50 is even 
higher, but the C/S ratio is lower for BFS concrete. 
Moreover, the pH of the pore solution is lower, which 
enhances binding. Since all these factors have different 
effects on the binding of chlorides, it is difficult to predict 
the binding capacity of BFS concrete.  

- Frost-salt scaling: BFS concrete mixtures perform as well or even better 
than OPC concrete if interior surfaces are exposed to the freezing sodium 
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chloride solutions. However, the opposite is the case for moulding surfaces, 
especially for high cement replacement levels. While the rate of scaling is 
especially high during the first attack cycle (lasting 7 days) for these mixes, 
the scaling rate decreases later and becomes sometimes even lower than 
that of OPC concrete or concrete with lower cement replacement levels. 
This indicates that the surface layer of BFS concrete has inferior 
characteristics in comparison to that of OPC concrete. A quite good linear 
relation was found between the mass loss due to frost-salt scaling and the 
sorptivity of the outer layer. For high cement replacement levels, 
carbonation of the surface layer contributed towards the bad performance.   

- Carbonation: The carbonation resistance of BFS concrete is poor and 
although curing for longer times (up to 3 months) still increases the 
resistance, the performance remains low.  

(i) The carbonation depths as determined by spraying 
phenolphthalein solution on a freshly broken surface or by 
optical microscopy were compared.  For the reference 
mixtures, which showed no carbonation based on 
phenolphthalein spraying, a very small (0.1 – 0.7 mm) 
carbonated zone could be detected by optical microscopy. For 
the BFS mixes, optical microscopy showed a carbonation 
front which is (in most of the cases) situated deeper (up to 3 
mm). 

(ii)  The carbonation depth after a service life of 50 years was 
simply estimated based on the carbonation coefficients from 
the accelerated tests. Since the carbonation coefficients for the 
BFS mixes decrease considerably with age (because of the 
ongoing hydration), a method to determine a ‘time-dependent’ 
carbonation coefficient was proposed. The results show that, 
although S50 has a high carbonation coefficient, steel 
corrosion can be prevented in normal environments. For 
environments containing merely 0.03% CO2, S70 and S85 
also satisfy. When the CO2 content increases up to 0.3%, 
longer curing periods can limit the carbonation degree of S70 
and S85, but not to an extent that the corrosion risk is 
excluded. Remark that these results come from simple 
calculations and that a complete risk analysis should be 
performed to obtain reliable results. 

(iii)  Vacuum saturation tests indicate that the open porosity ϕ40°C 
of BFS concrete increases as carbonation proceeds, while the 
total open porosity ϕ105°C slightly decreases. This indicates 
that the pore structure is restructured and becomes coarser as 
BFS concrete carbonates, facilitating the ingress of CO2. For 
OPC concrete, a slight decrease of ϕ40°C and ϕ105°C was 
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recorded in case of carbonation. The results were confirmed 
by fluorescence microscopy. 

(iv) The bad performance of BFS concrete was attributed to the 
high gas permeability and the low CH content. Besides CH, 
other hydration products were also decalcified and because of 
the low C/S ratio of these hydration products, BFS concrete is 
especially vulnerable to carbonation shrinkage. As a 
consequence, the ingress of CO2 facilitates and the 
carbonation process proceeds. In OPC concrete, it is believed 
that the formation of CaCO3 causes pore blocking (since 
CaCO3 takes a higher volume than CH), which prevents 
further carbonation. 

- Alkali-silica reaction: Concrete mixes (S0, S50, S70 and S85 (glass)) 
containing reactive aggregates (coarse, white glass) were subjected to an 
Oberholster test. From these results it seemed that replacement of cement 
by 50% or 70% BFS can suppress the expansion due to ASR. However, an 
increase of the cement replacement level above 70% has a negative effect 
(in comparison to S50 (glass) and S70 (glass)) on the concrete’s 
performance. In comparison to the reference mix (S0 (glass)), S85 performs 
only slightly better. No clear reason could be given for this finding, but 
microscopic analysis revealed that S50 and S70 were only deteriorated at 
the surfaces while cracking and gel formation was ubiquitous in S85. This 
can be related to the fact that the S50 and S70 test specimens showed a 
denser microstructure. 
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Conclusion 

Main research findings 

The use of high-quality by-products as cement replacing material significantly 
reduces the need for clinker production and contributes to a sustainable cement 
industry. Because of the reduced energy consumption and CO2 emission, these 
materials are environmentally friendly and their use has therefore become a common 
tendency. One of these products is blast-furnace slag (BFS), a by-product of the 
manufacture of iron. It essentially consists of the same oxides as ordinary Portland 
cement (OPC), but contains a higher content of SiO2 and Al2O3 and a lower content 
of CaO. After rapid cooling and grinding to powder, BFS obtains latent-hydraulic 
properties. In combination with OPC, the hydrolysis of C2S and C3S mainly delivers 
the activator for the hydration of BFS. The blended cements, in which BFS and OPC 
are ground together, have been applied for decades. The amount of slag in these 
cements varies between 36 and 65% for CEM III/A, 66 and 80% for CEM III/B and 
81 – 95% for CEM III/C (EN 197 (2000)). Besides, slag can also be added to the 
concrete mix as a separate component (type II addition according to EN 206-1). 
More recently, the Belgian standard NBN B15-001 (2004) provided rules with 
respect to the k-value concept for BFS having a technical approval with certification.   

Replacement of Ordinary Portland cement by slag alters the hydration processes and 
the microstructure development of concrete. Moreover, also the mechanical 
characteristics as well as the durability properties of the concrete are influenced. In 
the current PhD thesis, a complete study with regard to the effect of the separate 
addition of slag to concrete is made. 

Hydration (degree) of cement and slag in slag-blended pastes and its relation to 
strength development 

Hydration of cement and slag was monitored by calorimetry, thermogravimetry and 
backscattered electron microscopy. Combination of all these tests results reveals 
that: 

- the presence of slag enhances the hydration of OPC. The cement hydration 
is accelerated and the cement hydration degree increases. In OPC pastes,  
cement hydration degrees of 55% and 74% were recorded after 2 days 
respectively ~ 2 years. In pastes with slag-to-binder ratios of 0.5, these 
values amounted to 78% and 94% respectively. 

- the slag hydration starts already during the first days after mixing. 
Calorimetric measurements showed an extra hydration peak in the presence 
of slag and BSE images indicated a slag hydration degree of 28% after 2 
days for pastes in which 50% of the cement is replaced by BFS.  

- the hydration degree of slag amounts to ~ 70% after ~ 2 years for pastes 
with a slag-to-binder ratio of 0.5. For higher cement replacement 
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percentages, this value decreases strongly (~ 39% after 2 years for pastes 
with slag-to-binder ratio of 85%).  

- the overall reaction degree obtained by isothermal calorimetry (Q(t)/Q∞ (Q 
= cumulative heat production)) and thermogravimetry (wb(t)/wb,∞ (wb = 
bound water content)) corresponded well. 

- the OPC and BFS reaction can be separated based on the cumulative heat 
production curves. The method assumes that no hydration of slag particles 
occurs during the first hours after mixing and implies a ongoing slag 
hydration with time. However, for very high cement replacement levels, the 
slag reaction was the most dominant and the separation was less accurate. 

- the slag consumes a slight amount of CH during its reaction. However, the 
determination of the slag reaction degree from the evolution of the CH 
content of a blended and reference (OPC) paste in time seemed to be 
ambiguous.  

- the chemically bound water content in cement and slag hydration products 
for fully hydrated pastes was estimated at 30% respectively 23%, relative to 
the anhydrous material.  

- the potential heat production of slag was estimated at 400 – 500 J/g.  

- irrespective of the cement replacement level, the compressive strength can 
be related to the volume of formed hydration products by the same power 
law function. Moreover, it is demonstrated that unhydrated cement and slag 
particles do not contribute to the strength development and may thus not be 
considered with regard to compressive strength. This issue is especially 
important for pastes containing very high amounts of slag, since a lot of 
unhydrated slag particles are present, also at later ages. Besides, the results 
indicate that slag hydration products are as strong as cement hydration 
products. 

Setting behaviour of concrete containing BFS monitored by ultrasonic 
measurements 

Ultrasonic measurements allow to obtain a complete view of the setting behaviour  
of mortar/concrete and the curves are clearly influenced by the addition of BFS. The 
initial as well as the final setting times are prolonged for mortar/concrete with 
increasing amounts of BFS. Moreover, the different phases which can be 
distinguished in heat evolution curves can also be recognized in the P-wave velocity 
curves. For mortar/concrete containing high amounts of BFS (85%), the acceleration 
period of the third hydration peak even corresponds to a second steep increase in P-
wave velocity. 

Porosity and transport properties of BFS concrete in relation to durability 
properties 

The total open porosity of BFS concrete is higher in comparison to OPC concrete, 
but the pore structure is finer. Besides, the sorptivity coefficients decrease with 
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increasing BFS in the mix and with concrete age. No significant differences are 
found between the water permeability coefficients of the different concrete mixes 
(age = 3M). The gas permeability increases however for mixes with increasing 
cement replacement levels (especially for concrete with a slag-to-binder ratio of 
0.85). This phenomenon was recorded at all ages for dry concrete specimens. 
Furthermore, the effect of wetting and drying of concrete on the relative gas 
permeability depended on the cement replacement level of the concrete mix: the 
relative gas permeability (gas permeability of concrete with a certain saturation 
degree relative to the gas permeability of dry concrete) decreases for mixes with 
decreasing slag-to-binder ratios 

Moreover, carbonation of BFS concrete causes a restructuration of the pores. The 
pore structure becomes coarser, facilitating the ingress of CO2. In OPC concrete, it is 
believed that the formation of CaCO3 causes pore blocking, which prevents further 
carbonation. This phenomenon was observed by fluorescence microscopy and 
measured with vacuum saturation tests. 

General durability indicators as open porosity, sorptivity and gas permeability do not 
solely give an adequate prediction for the concrete’s resistance against specific 
degradation mechanisms. If OPC and BFS concrete are compared, other 
characteristics as chemical composition and hydration degree but also the combined 
effects of different degradation mechanisms have to be taken into consideration. 

k-value concept for BFS 

With respect to concrete compressive strength, the k-values of the standard (NBN 
B15-001 (2004)) seem to be safe in comparison to the current research results 
(remark that there must be a safety margin). The experimental k-values are higher 
than 1 at the age of 28 days for concrete in which less than 35% of the cement was 
replaced by BFS. At later ages (~ 6 months), concrete containing 50% slag even 
reaches a k-value of 1. For higher replacement levels, the rules of the k-value 
concept in the standard are also more stringent, due to the restrictions with regard to 
the maximum slag content.  

With respect to durability, application of the k-value concept seems to be ambiguous 
and laborious. A well-founded approach requires much more test results than 
obtained in this research. Moreover, the question arises whether k-values for 
durability characteristics will be universally applicable since the chemical 
composition as well as the concrete composition can have a considerable effect on 
the durability behaviour. The equivalent performance concept as described in NBN 
B15-100 (2008) seems to be more promising. 

Performance of BFS concrete in aggressive environments 

The performance of BFS concrete is better than that of OPC concrete with regard to  
- acid attack, 
- chloride ingress, 
- sulphate attack (in case of completely immersed concrete), 
- alkali-silica reaction. 

Contrarily, the resistance against 
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- carbonation, 
- frost-salt scaling, 
- partial or cyclical exposure to sulphate solutions 

is lower for BFS concrete. However, this does not necessarily mean that the concrete 
will fail within its service life span. The same conclusions can be drawn based on 
the equivalent performance concept. This approach compares the behaviour of BFS 
mixes with that of reference OPC mixtures which fulfil the requirements for a 
specific exposure class. 
The good or poor performance of BFS concrete (in comparison to OPC concrete) is 
mainly attributed to the different chemical composition of the binder, the hydration 
degree of cement and slag in the mix and the influence of combined degradation 
mechanisms. The permeability of the concrete is an important factor but cannot 
solely explain the differences in durability behaviour. 
 
Other main research findings with regard to durability 

- For the durability characteristics which are inferior for BFS concrete, the 
performance decreases with increased cement replacement levels (50 % to 
85%). If BFS concrete performs better than OPC concrete, an increase of 
the cement replacement percentage from 50% to 85% does not 
considerably improve the resistance. With regard to the alkali-silica 
reaction, the resistance of concrete containing 85% slag is even lower than 
that of concrete with slag-to-binder ratios of 50% and 70%. Do not forget 
that the compressive strength of concrete is considerably reduced if the slag 
content in the mix becomes higher than 50%.  

- While NT Build 492 takes a chloride concentration of 0.07 mol/l into 
account at the colour change boundary after spraying with 0.1 M AgNO3 
solution, the experimental free chloride concentrations rise up to ~ 0.46 
mol/l (for OPC concrete as well as for BFS mixes). Nevertheless, the non-
steady state chloride migration coefficient, as calculated according to the 
simplified formula of NT Build 492, gives a good and safe approximation 
of the non-steady state migration coefficient and can also be used for BFS 
concrete. A maximum difference of 8% is noticed between the ‘simplified’ 
Dnssm values and ‘real’ Dnssm values (which take the real chloride 
concentration at the colour change boundary into account).  

- Contrary to literature data, replacement of cement by BFS (50%, 70% or 
85%) does not favour chloride binding in the current research. This could 
probably be due to the measuring technique or the chemical composition of 
the cement and slag. 

- Because the period of curing seems to have an important effect on the 
carbonation coefficients of BFS concrete, a method is proposed to 
determine a ‘time-dependent’ carbonation coefficient. This allows to 
determine a more realistic carbonation depth from accelerated tests at 
different ages. 
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Perspectives 

Hydration and microstructure 

In a recently finished PhD (Baert, 2009) a physico-chemical model was developed 
for (high volume) fly ash binders. This multi-compound model can simulate the heat 
release / hydration degree of the different phases in fly ash-binders. Moreover, 
parameters like chemically bound water content, porosity, gel-space ratio can be 
determined. Since this model seems to be promising, it would be useful to adapt this 
model for OPC-BFS combinations. The results obtained in Chapter 5 can offer 
valuable information to develop this idea, but it would be interesting to extend this 
research (e.g. for different types of BFS, other s/b ratios, other w/c ratios) 
Additionally, experiments like continuous XRD measurements can still give more 
information on hydration processes and the formed hyration products (e.g. detection 
of clinker and slag minerals; ettringite, monosulphate, calciumhydroxide).  

More research is needed with regard to water vapour sorption of cement/slag pastes 
to obtain valuable information concerning the pore structure at micro and meso 
level. Special attention should be given to sample preparation, measuring procedure, 
interpretation of the isotherms and the modelling. 

Durability 

Because several degradation mechanisms were investigated in the current research, 
the experimental program was limited to one concrete composition in which slag of 
the same supplier was added. Different types of BFS should be tested to determine 
the influence of chemical composition, fineness, … on the different degradation 
mechanisms (e.g. effect of the chemical composition on chloride binding and effect 
of binder type on the release of bound chlorides during water extraction). Moreover, 
if the k-value concept for durability would be further explored, a large amount of 
test results for different concrete mixes (OPC as well as BFS mixes) and for the 
different degradation tests are needed. Furthermore, in the current research, the 
different degradation mechanisms were considered separately. However, the test 
results clearly indicated that the combined effect of attack mechanisms can be more 
detrimental. In future research, it is advised to study the behaviour of BFS concrete 
under the combined action of different harmful agents which can coexist in real 
circumstances, like chlorides and sulphates. With regard to sulphate attack, it is 
advised to use the TAP in future research in a slightly different way in order to 
quantify the degradation in the zones which will be most attacked (and which are not 
directly exposed to the sulphate solutions). For specimens which remain in a fixed 
position the degradation just above the water level can be measured by the laser 
sensors and the deterioration can be accelerated by brushing at regular intervals. In 
that way, the TAP seems to be very promising technique to quantify accelerated 
sulphate attack.  
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