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Abstract - This paper summarizes the results of a 
research on the influence of blast furnace slag on 
the development of the microstructure of 
concrete. Mixtures containing six different 
amounts of slag (from 0 to 85% of the binder 
mass)  were tested at several ages. By the use of 
isothermal calorimetry, ultrasonic 
measurements, thermal analysis, backscattered 
electron images, water vapour and nitrogen 
sorption experiments, mercury intrusion 
porosimetry and water permeability tests, both 
the hydration process and the hydration 
products, as well as the pore structure were 
examined. 
Keywords - blast furnace slag, hydration process, 
microstructure 

1. INTRODUCTION

Blast furnace slag (BFS) is a byproduct of the 

steel industry. Since this product is latent 

hydraulic and its composition is very similar 

to the composition of original portland cement 

(OPC), it can partly replace cement in  

concrete. BFS is generally used in blended 

cements, though it can also be added to the 

concrete mixture as a separate component or 

admixture.

The presence of slag influences both the 

hydration process and the development of the 

microstructure and mechanical strength, as 

well as the final characteristics of the concrete. 

[1]

The aim of this research is to examine the 

effect of variable amounts of slag on the 

hydration process and the reactivity of both 

binder products, and on the development of 

t h e m i c r o s t r u c t u r e f o r m e d b y t h e 

heterogeneous pore network. 

2. MATERIALS

Most of the experiments were performed on 

hardening cement paste. Mortar was used for 

the ultrasonic measurements and for the 

mercury intrusion porometry as well as the 

water permeability tests concrete was applied. 

Each specimen was produced with a water-to-

binder ratio of 0,5. 

Six different mixtures of portland cement 

(CEM I 52,5 N) combined with blast furnace 

slag were used as binder: one reference 

mixture S0 without slag and five mixtures 

containing an increasing amount of slag; S15, 

S30, S50, S70 and S85. The name of the binder 

mixture indicates the mass percentage of the 

slag it contains. 

3. RESULTS

The heat production of several cement pastes 

was monitored during the first week of the 

hydration process, at three different 

temperatures: 10°C, 20°C and 35°C. 

When the total heat production was split 

between the two binder reactions, it became 

clear that OPC and BFS produce different 

amounts of heat. BFS was only in the case of 

85% of slag responsible for the major part of 

the heat produced in seven days. 

It appeared that the hydration of BFS is also 

influenced by the curing temperature just like 

the hydration of OPC [2].Initially, a higher 

temperature induces an accelerated reaction. 

On the other hand, a temperature of 35°C 

seems to have a negative effect on the 

estimated total heat production and thus it 

lowers the ultimate hydration degree. 

The presence of BFS affects the reactivity of 

OPC in a positive way; but irrespective of the 

amount of slag, the hydration degree of the 

cement increased only a few percent. The 

reactivity of the slag itself, decreases when 

high percentages are used. In [3] and [4], this 

decrease was also noticed in mixtures 

containing at least 80% slag. 

By the use of ultrasonic waves in the course of 

the first 48h after mixing, a clear reduction of 

speed was noticed in the stiffening process 

when at least 50% of slag was used. 
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By means of thermal analysis and back 

scattered elektron images, the relative content 

of several reaction products was examined.

Concerning the amount of bound water, an 

increase was noticed in accordance with the 

age of the sample; and according to the 

percentage of slag, a decrease appeared.  

Furthermore, a decrease in the CH-content 

appeared also depending on the amount of 

slag. But, in spite of the expectations and the 

reaction model of [3], no clear increase in 

capillar porosity was noticed for the samples 

containing BFS compared to the reference 

specimens without slag. On the contrary, the 

measured porososity showed a decrease 

according to the age of the cement paste.

Finally, water vapour and nitrogen sorption 

experiments as well as mercury intrusion 

porosimetry were performed to study the 

microstructure. However, it needs to be 

mentioned that those techniques show very 

variable results; the differences and causes 

have been discussed repeatedly by several 

researchers, as for example reported in [5] - [6].

Despite the big differences between the results 

of the experimental techniques and the lack of 

a logical relation between the specific surface 

area (SBET) and the slag content of the samples, 

a clear resemblance was noticed in the overall 

form of the pore size distribution of every 

sample. The distributions were calculated 

according to the BJH method. For samples of 

cement paste with 50% of slag, the pore size 

distribution is illustrated in Fig. 1 an Fig. 2. 

Fig. 1 shows the result of dynamic water 

vapour sorption tests, Fig. 2 is obtained by 

nitrogen sorption. These graphs clearly 

indicate that most of the (accessible) pores are 

found within the range of micropores. The 

pores that are measurable with water vapour 

have radius between ca. 1 and 110 nm; for 

nitrogen pores with a radius between ca. 1 and 

40 nm can be observed.

4.  CONCLUSION

In general, the presence of blast furnace slag 

clearly affects almost all of the studied 

characteristics and processes. However, by the 

experimental techniques used, the exact effect 

of (the amount of) slag could not be 

determined. Especially with regard to the 

microstructure, clear observations are hard to 

make due to the heterogenei ty and 

hydrophility of cement based materials 

combined with their broad range of pore sizes.

Fig. 1. BJH-pore size distribution obtained by water vapour 
sorption (cement paste;w/b = 0,5; 50% OPC + 50% BFS) 

Fig. 2. BJH-pore size distribution obtained by nitrogen sorption 
(cement paste;w/b = 0,5; 50% OPC + 50% BFS)
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Component Portlanndklinker* Hoogoovenslak**
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Portlandklinker

Hoogovenslak
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3.1. HYDRATATIE VAN PORTLANDKLINKER

6



7



8



9



10



11



3.2. HYDRATATIE VAN HOOGOVENSLAK
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Activator Reactieproducten Opmerkingen
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3.3. HYDRATATIEPRODUCTEN
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3.4. WARMTEONTWIKKELING

0% BFS 15% BFS 30% BFS 50% BFS 70% BFS 85% BFS

Q [J/g]
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3.5. VERHARDING EN STERKTEONTWIKKELING 
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4.1. DEFINIËRING VAN VERSCHILLENDE PORIËN

Type porie Diameter
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Type porie Diameter

Type porie Diameter

4.2. VORMING VAN DE PORIËNSTRUCTUUR
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4.3. WATER IN EEN HYDRATERENDE CEMENTPASTA

4.4. EIGENSCHAPPEN VAN DE PORIËNSTRUCTUUR
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Proefstuk SBETH20,stat SBETH20,dyn SBETN2

C_50 123 101 24

C50S50_50 131 118 41

C15S85_50 135 121 67

4.5. INVLOED VAN HOOGOVENSLAK OP DE PORIËNSTRUCTUUR
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5.1. METHODES
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ZOUT relatieve vochtigheid [%]

cesiumfluoride

lithiumbromide

zinkbromide

kaliumhydroxide

lithiumchloride

calciumbromide

lithiumiodide

kaliumacetaat

kaliumfluoride

magnesiumchloride

natriumiodide

kaliumcarbonaat

magnesiumnitraat

natriumbromide

koolstofchloride

kaliumiodide

strontiumchloride

natriumnitraat

natriumchloride

ammoniumchloride

kaliumbromide

ammoniumsulfaat

kaliumchloride

strontiumnitraat

kaliumnitraat

kaliumsulfaat

kaliumchromaat
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5.2. SORPTIEMECHANISMEN
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5.3. TYPE ADSORBAAT
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5.4. ISOTHERME SORPTIECURVES
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5.5. HYSTERESIS
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5.6. BEREKENINGSMETHODES
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29,5%

na 4h

na 4h28

63,3 55,0

63,3 55,0

0 0

0,9 0,1 5,2

1,4 0,2 4,9

1,2 0,2 5,1

282,8 315,4 312,7
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S0 100 0

S15 85 15

S30 70 30

S50 50 50

S70 30 70

S85 15 85
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Materialen Absolute volumemassa Volume per m3

zand 0/4 2650 0,298

grind 2/8 2650 0,160

rolgrind 8/16 2650 0,233

cement 3100 0,113

water 1000 0,175
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Materialen Absolute volumemassa Volume per m3

zand 0/4 2650 0,297

grind 2/8 2650 0,160

rolgrind 8/16 2650 0,232

cement 3100 0,056

hoogovenslak 2900 0,060

water 1000 0,174

Materialen Absolute volumemassa Volume per m3

zand 0/4 2650 0,297

grind 2/8 2650 0,160

rolgrind 8/16 2650 0,232

cement 3100 0,034

hoogovenslak 2900 0,084

water 1000 0,174

Materialen Absolute volumemassa Volume per m3

zand 0/4 2650 0,296

grind 2/8 2650 0,159

rolgrind 8/16 2650 0,232

cement 3100 0,017

hoogovenslak 2900 0,102

water 1000 0,174
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Samenstelling Slump Categorie

S0 3,1 S1

S50 2 S1

S70 1,5 S1

S85 1 S1
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3.1. ISOTHERME CALORIMETRIE (TAM AIR)
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Qt

Qt,s

Qt,p

Q00

Q00,s

Q00,p
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3.2. ULTRASOON EN SEMI-ADIABAAT (FRESHCON)
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4.1.THERMOGRAVIMETRISCHE ANALYSE (TGA)
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4.2. ELEKTRONENMICROSCOPIE (SEM)
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5.1. DYNAMISCHE WATERDAMPSORPTIE (DVS)
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molair volume (vloeibaar water) [m3/mol] 18.10-6

molaire massa [g/mol] 18

molecule-oppervlakte (Odler, 2003) [m2] 0,114.10-18

oppervlaktespanning (De Belie et al., 2010) [N/m] 7,28.10-2

contacthoek (De Belie et al., 2010) [°] 0

temperatuur [K] 293

gasconstante [J/K.mol] 8,314
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1 2 3 4 5 6 7 8 9 10 11 12 13

p/
p0

V rk t rp rk rp t V t . 
S

dVp S S

[-] [
m]

[
m]

[
m]

[
m]

[
m]

[
m]

=

=
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5.2. STIKSTOFSORPTIE (BET)
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+

= +
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molair volume (vloeibare stikstof) [m3/mol] 34,6.10-6

molaire massa (Vandervoort, 1995) [g/mol] 28

molecule-oppervlakte (Vandervoort, 1995) [m2] 0,162.10-18

oppervlaktespanning (Vandervoort, 1995) [N/m] 8,85.10-3

contacthoek (Vandervoort, 1995) [°] 0

temperatuur [K] 77

gasconstante [J/K.mol] 8,314

=

=
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Vl =
Vg

0,0224
.34,6.10 6

Vtot =
Vg

0,0224
.34,6.10 6

93



1 2 3 4 5 6 7 8 9 10 11 12 13 14

p/
p0

Vg rk t rp rk rp t Vg Vl t . 
S

Vp S S

[-] [10-6 

m3/g] 

[10-9 

m]
[10-9 

m]
[10-9 

m]
[10-9 

m]
[10-9 

m]
[10-9 

m]
[10-6 

m3/

g] 

[10-3 

m3/g] 

[10-3 

m3/g] 

[10-3 

m3/g] 

[m2/g] [m2/g]

0,99 161,7 95 2,80 97,8

0,98 161,5 47,3 2,22 49,5 71,1 73,7 0,58 0,2 0,31 0 0,33 0,01 0,01

0,97 161,0 31,4 1,94 33,3 39,4 41,4 0,28 0,5 0,77 0,00 0,85 0,04 0,05

0,95 160,2 18,6 1,62 20,2 25,0 26,8 0,32 0,8 1,23 0,02 1,39 0,10 0,15

0,90 158,8 9,07 1,28 10,4 13,8 15,3 0,34 1,4 2,16 0,05 2,59 0,34 0,49

0,85 157,2 5,88 1,11 6,99 7,48 8,7 0,17 1,6 2,46 0,08 3,22 0,74 1,23

0,80 155,2 4,28 1,00 5,28 5,08 60,1 0,11 2,0 3,08 0,14 4,29 1,40 2,63

0,77 152,9 3,66 0,95 4,61 3,97 4,95 0,05 2,3 3,54 0,13 5,30 2,14 4,77

0,75 148,9 3,32 0,92 4,24 3,49 4,43 0,03 4,0 6,16 0,14 9,70 4,38 9,15

0,73 145,1 3,04 0,89 3,93 3,18 4,09 0,03 3,8 5,85 0,27 9,23 4,51 13,66

0,71 140,9 2,79 0,87 3,66 2,92 3,8 0,02 4,2 6,47 0,27 10,50 5,53 19,19

0,69 135,9 2,58 0,84 3,42 2,69 3,54 0,03 5,0 7,7 0,58 12,33 6,97 26,16

0,67 130,0 2,39 0,82 3,21 2,49 3,32 0,02 5,9 9,09 0,52 15,24 9,18 35,34

0,65 123,9 2,22 0,80 3,02 2,31 3,12 0,02 6,1 9,39 0,71 15,83 10,15 45,49

0,63 117,3 2,07 0,78 2,85 2,15 2,94 0,02 6,6 10,16 0,91 17,29 11,76 57,25

0,61 110,1 1,93 0,77 2,70 2,00 2,88 0,01 7,2 11,09 0,57 21,81 15,15 72,40

0,59 102,6 1,81 0,75 2,56 1,87 2,63 0,02 7,5 11,55 1,45 19,98 15,19 87,59

0,57 95,0 1,70 0,73 2,43 1,76 2,50 0,02 7,6 11,70 1,75 20,08 16,06 130,7

0,55 86,9 1,60 0,72 2,32 1,65 2,38 0,01 8,1 12,47 1,04 23,78 19,98 123,6

0,53 78,8 1,51 0,70 2,21 1,56 2,27 0,02 8,1 12,47 2,47 21,17 18,66 142,3

0,51 71,5 142 0,69 2,11 1,47 2,16 0,01 7,3 11,24 1,42 21,20 19,63 161,9

0,49 65,4 1,34 0,68 2,02 1,38 2,07 0,01 6,1 9,39 1,62 17,48 16,89 178,8

0,45 57,3 1,20 0,65 1,85 1,27 1,94 0,03 8,1 12,47 5,36 16,59 17,1 195,9

0,40 51,7 1,04 0,62 1,66 1,12 1,76 0,03 5,6 8,62 5,88 6,77 7,69 203,6

0,35 47,4 0,91 0,60 1,51 0,98 1,59 0,02 4,3 6,62 4,07 6,71 8,44 212,0

0,30 45,0 0,79 0,57 1,36 0,85 1,44 0,03 4,4 3,70 2,53 3,36 4,66 220,5
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5.3. KWIKINTRUSIEPOROSIMETRIE (MIP)
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5.4. WATERDOORLATENDHEID
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2.1. ISOTHERME CALORIMETRIE (TAM AIR)

105
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107



108



S0 S15 S15 S30 S30 S50 S50 S70 S70 S85 S85

BFS1 BFS2 BFS1 BFS2 BFS1 BFS2 BFS1 BFS2 BFS1 BFS2

10°C 29 23,5 25,5 25 24 21,5 25 20,5 21 19,5 -

20°C 15 14 14,5 13,5 14 12,5 - 10 - 9 - 
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10 S0 S15 S15 S30 S30 S50 S50 S70 S70 S85 S85

°C BFS1 BFS2 BFS1 BFS2 BFS1 BFS2 BFS1 BFS2 BFS1 BFS2

Qtot 391 371 379 326 335 278 275 234 218 181 180

20 S0 S15 S15 S30 S30 S50 S50 S70 S70 S85 S85

°C BFS1 BFS2 BFS1 BFS2 BFS1 BFS2 BFS1 BFS2 BFS1 BFS2

Qtot 348 330 328 309 301 259 242 201 191 166 159

Q 432 420 437 384 395 347 390 474 385 410 779

35 S0 S15 S15 S30 S30 S50 S50 S70 S70 S85 S85

°C BFS1 BFS2 BFS1 BFS2 BFS1 BFS2 BFS1 BFS2 BFS1 BFS2

Qtot 369 357 351 382 338 304 309 234 329 244 202

Q 390 390 385 385 385 368 412 279 382 294 297

=

110



111
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20 S0 S15 S15 S30 S30 S50 S50 S70 S70 S85 S85

°C BFS1 BFS2 BFS1 BFS2 BFS1 BFS2 BFS1 BFS2 BFS1 BFS2

S15 S30 S50 S70 S85

OPC-aandeel 0,85 0,7 0,5 0,3 0,15

gebruikte factor 0,9 0,82 0,69 0,44 0,26
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S15 S30 S50 S70 S85

bekomen verhoging A 2,1 6,2 14 16,8 27,7

verhoging B 6 17,2 38 46 72

=

S0 S15 S30 S50 S70 S85

Qtot 348 330 309 258 201 166

QP
348 314 262 203 126 69

QS
- 16 47 55 75 97
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S0 S15 S30 S50 S70 S85

Q 432 420 384 347 474 410

Q ,P
432 375 320 246 151 82

Q ,S
- 45 63 101 323 328

=

r S0 S15 S15 S30 S30 S50 S50 S70 S70 S85 S85

[-] BFS1 BFS2 BFS1 BFS2 BFS1 BFS2 BFS1 BFS2 BFS1 BFS2

20°C 0,81 0,78 0,75 0,80 0,76 0,75 0,62 0,42 0,50 0,41 0,2

35°C 0,95 0,91 0,91 0,88 0,88 0,82 0,75 0,84 0,86 0,83 0,68
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S0 S15 S30 S50 S70 S85

rP 0,81 0,84 0,82 0,83 0,83 0,84

rS - 0,36 0,74 0,54 0,23 0,29
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2.2. ULTRASOON EN SEMI-ADIABAAT (FRESHCON)

117



 

118



S0 S15 S30 S50 S70 S85

0,5 uur 313 298 281 228 286 188

48 uur 4258 4125 4074 3402 2640 2163

119



120



121



122



S15 S30 S50 S70

Q [J/g] 316 305 177 72

Qisotherm [J/g] 219 209 167 98
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3.1. THERMOGRAVIMETRISCHE ANALYSE (TGA)
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3.2. ELEKTRONENMICROSCOPIE (SEM)
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S0 2 daagen 7 daagen 14 daagen 74 daagenS0
[%] s [%] s [%] s [%] s

porie

ongehydrateerd 
cement

C-S-H

CH

S50 2 daagen 7 daagen 14 daagen 74 daagenS50
[%] s [%] s [%] s [%] s

porie

ongehydrateerd 
cement

C-S-H

CH

ongehydrateerde 
slak

S85 2 daagen 7 daagen 14 daagen 74 daagenS85
[%] s [%] s [%] s [%] s

porie

ongehydrateerd 
cement

C-S-H

CH

ongehydrateerde 
slak
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S0 S50 S85

2 dagen

7 dagen

14 dagen

74 dagen

OPC - S0 OPC - S50 OPC - S85 BFS - S50 BFS - S85

2 dagen

7 dagen

14 dagen

74 dagen
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4.1. DYNAMISCHE WATERDAMPSORPTIE (DVS)
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( )
= +

138



139



Leeftijd [dagen] S0 S50 S85

7 - 7 - 9 119,3 73,4 60,8

33 - 38 - 31 144,3 233,4 78,3

93 - 99 - 93 267,7 81,4 67

244 - 269 - 248 632,4 352,2 82,8
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Leeftijd [dagen] S0 S50 S85

7 - 7 - 9 183,6 116,3 188,6

33 - 38 - 31 171,8 134,4 133,8

93 - 99 - 93 128,6 146,2 119,4

244 - 269 - 248 110,7 140,2 189
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4.2. STIKSTOFSORPTIE (BET)

Leeftijd [dagen] S0 S50 S85

7 11,2 11,1 10,7

28 10,3 12,6 11,6

91 16,1 11,1 13

145



Leeftijd [dagen] S0 S50 S85

7 48,4 50,6 53

28 49,3 62,5 70

91 69,9 42,7 65,2
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4.3. KWIKINTRUSIEPOROSIMETRIE (MIP)

S0 S50 S70 S85

spec. opp. 5,8 7,5 10 22

S0 S50 S70 S85

poriënvolume 43,4 45,6 52,6 85,3

inktflesporiën-

volume

21,1

(58%)

27,8

(61%)

29,3

(56%)

39,6

(46%)
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4.4. WATERDOORLATENDHEID

S0 S50 S70 S85

K [10-12 m2/s] 17,7 10,9 49,7 16,9

s [10-12 m2/s] 4,04 1,56 11,2 1,84
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2.1. ISOTHERME CALORIMETRIE (TAM AIR)
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2.2. THERMOGRAVIMETRISCHE ANALYSE (TGA)
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2.3. ELEKTRONENMICROSCOPIE (SEM)
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2.4. KWIKINTRUSIEPOROSIMETRIE (MIP)
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2.5. WATERDOORLATENDHEID
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