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Abstract 
Production of cement is ranking 3rd in causes of man-made carbon dioxide emissions world-wide. Thus, in order to 
make concrete more sustainable one may work along one or more of the following routes; 1) Replacing cement in con-
crete with larger amounts of supplementary cementing materials (SCMs) than usual, 2) Replacing cement in concrete 
with combinations of SCMs leading to synergic reactions enhancing strength, 3) Producing leaner concrete with less 
cement per cubic meter utilizing plasticizers and 4) Making concrete with local aggregate susceptible to alkali silica 
reaction (ASR) by using cement replacements, thus avoiding long transport of non-reactive aggregate. 
 

 
1 Introduction 

The cement industry world-wide is calculated to bring 
about 5-8% of the total global anthropogenic carbon 
dioxide (CO2) emissions. The general estimate is about 
1 tonne of CO2 emission per tonne clinker produced, if 
fossil fuel is used and no measures are taken to reduce it. 
The 3rd rank is not because cement is such a bad mate-
rial with respect to CO2 emissions, but owing to the fact 
that it is so widely used to construct the infrastructure 
and buildings of modern society as we know it. Con-
crete is actually among the more environmentally 
friendly materials since it is composed in general of 
about 1 part cement, 0.5 parts water and 5-6 parts of 
sand and gravel (i.e. aggregate). The world’s cement 
production was roughly 2.7 billion tonnes in 2010, 
meaning roughly 19 billion tonnes concrete or 8.6 bil-
lion m3 concrete. This quantity can be translated into 
making a concrete cylinder of 25 cm diameter reaching 
the moon and back to earth every day or a solid concrete 
block with about 1 km2 base reaching the height of 
Mount Everest! 

A lot is done by cement producers to reduce the 
global carbon footprint, in particular to replace coal 
with waste having a calorific value equivalent to (fossil) 
fuel and by making blended cement where parts of the 
clinker is replaced with supplementary cementing mate-
rials (SCMs). However, cement is a bulk product that 
should cover a wide range of applications and serve 
different customers, giving limitations on clinker re-
placements. 

Concrete, on the other hand, is the end product where 
the performance criteria are already specified and de-
pending on application more can be done to increase its 
sustainability. This paper discusses the potential 
achievements and challenges by 
1. Replacing cement in concrete with larger amounts of 

SCMs, also uncommon ones like calcined marl 
2. Replacing cement in concrete with combinations of 

SCMs leading to synergic reactions enhancing 
strength 

3. Producing leaner concrete with less cement per cubic 
meter utilizing plasticizers. 

4. Making concrete with local aggregate susceptible to 
alkali silica reaction (ASR) by using cement re-
placements, thus avoiding long transport of non-
reactive aggregate 
Other aspects adding to more sustainable use of con-

crete is not a part of this paper, like; 
5. Making concrete with recycled aggregate from de-

molished concrete structures. 
6. Making more durable concrete with less maintenance 

and longer service life. 
7. Making slimmer structures with high strength con-

crete. More cement per cubic meter, but less cubic 
meters 

8. Utilizing the heat capacity of bare concrete to save 
energy for heating/cooling of offices/housing 
 

2. Concrete with high content of SCM 

Replacing parts of the cement in concrete with SCMs, 
or making blended cement where clinker is partly re-
placed with SCMs, is the fastest short term remedy to 
reduce CO2 emissions from the cement and concrete 
industry. Blast furnace slags as latent hydraulic SCMs 
or pozzolana consuming calcium hydroxide; e.g. fly ash, 
are the most common ones. Limestone powder is also 
used as filler, in particular in self-compacting concrete. 
In Europe most granulated blast furnace slag is put into 
good use, and high quality fly ash is becoming scarce in 
some areas. Other pozzolana used in smaller dosages, 
but often in combination with others, are silica fume, 
rice husk ash and metakaoline. However, the latter ones 
are not available in sufficiently large amounts, or are too 
expensive, to have large impacts on lowering CO2 emis-
sions, even though they are contributing. Thus, there has 
been a search for large volumes of unexploited re-
sources and one possibility found is calcareous clay or 
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marl unsuitable for clay industries producing brick or 
light weigh aggregate (LWA). Since common blue clay 
is so abundant, this may also be a viable option. Both 
common blue clay and marl will have to be calcined at 
750-850°C prior to use as pozzolana. Be aware when 
using clays that they can contain chlorides if they origi-
nate from marine deposits, so the chloride content must 
always be checked prior to use in reinforced concrete. 
Justnes et al. (2011a) tested calcined blue clay as a sta-
bilizer for SCC (self-compacting concrete) by replacing 
limestone filler. As can be seen from Fig. 1, increasing 
clay replacement increased yield stress while the viscos-
ity was relatively stable. In addition, the compressive 
strength increased with increasing clay replacement at 
all ages tested as depicted in Fig. 2. The starting point 
was 30 vol% limestone filler and then 1/3 and 2/3 of 
this was replaced with calcined clay. 

Calcined marl as an effective pozzolan was published 
by Justnes et al. (2011b). Compressive strengths of mor-
tar where cement was partly replaced with marl calcined 
in pilot scale rotary kiln as a function of curing age is 
plotted in Fig. 3. Note that same strength as reference is 
obtained at 28 days and sufficient strength (� 10MPa) 
for demoulding at 1 day when cured at 20°C / 90% RH. 

The compressive strengths of mortar with cement 
partly replaced by marl calcined in full scale (industrial) 
rotary kiln as function of replacement level and age is 
published by Østnor and Justnes (2013) together with 
durability properties of the same mortars. 

When large amounts of cement are to be replaced by 
SCMs, the challenge is usually rather low early strength 
that might be needed to be boosted in order to maintain 
productivity or construction rate. This can either be 
done by mechanical or chemical activation as described 
in the proceeding. 

 
2.1 Mechanical activation 
2.1.1 Introduction 
While ordinary grinding will increase the fineness and 
thereby the reactivity by increasing the surface area 
where reaction can take place (De Weerdt et al. 2011), 
mechanical activation is thought to change the surface 
of the solid material on a molecular level enhancing its 
reactivity. Such a measure to enhance early strength can 
be energetic modification by special grinding as for En-
ergetically Modified Cement (EMC; 
www.emccement.com) extensively studied from the 
beginning of 1990s produced by high intensive grind-
ing/activation of ordinary Portland cement (OPC) to-
gether with different types of fillers; e.g. Justnes et al. 
(2005, 2007a). 
 
2.1.2 Energy modified cement (EMC) with 
quartz 
Justnes et al. (2007b) studied EMC produced with 20 
(EMC-20) and 50% (EMC-50) quartz rich (73.9 % 
SiO2) mine tailing replacing cement. The EMC process 
consists of a series of different mills also involving high 

shear energy. The properties of the concrete are pre-
sented in Table 1. Evidently concrete with EMC-50 is 
not significantly different from the OPC used to make it 
with respect to the important fresh concrete properties 
like workability, stability, air content and setting time. 
However, the dosage of superplasticizer (Mighty 150, 
40% solution) needed to produce the required consis-

Fig. 1 The viscosity and yield stress of SCC where lime-
stone powder (L) is increasingly replaced by calcined 
blue clay (Clay) from Justnes et al. (2011a). 
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Fig. 2 Compressive strength evolution of SCC where 
limestone powder (L) is replaced by calcined blue clay 
(Clay) from Justnes et al. (2011a). 

 
Fig. 3 Compressive strength of mortars with 0 (refer-
ence) and 50 % replacement of cement by calcined marl 
cured for 1, 3, 7 and 28 days (Justnes et al. 2011b). 
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tency at each w/b-ratio (water-to-binder ratio, assuming 
the quartz in this case to be part of binder) was some-
what higher for the EMC mixes than for the OPC refer-
ence mixes. The EMC-50 generated a total heat per unit 
weight equal to the heat of the reference OPC cement 
liberation, which in combination with the strength de-
velopment (Fig. 4 and 5) of EMC concrete, indicates 
significant chemical activation of the Portland clinker 
and possibly quartz components in EMC as indicated by 
calcium hydroxide content for paste specimens stored 
for 950 days (Justnes et al. 2007b). A bridge made by 
EMC with 50% quartz was actually built as a feasibility 
demonstration in 1998 in Sweden. 

The compressive strength development of OPC and 
EMC-50 concrete in Fig. 4 and 5 demonstrates slightly 
lower early age strengths (1 and 2 days curing time) for 
EMC and this difference is more pronounced with in-
creased w/b. EMC reached compressive strength equal 
to OPC at about 7 days of hardening and exhibited 
strength superior to OPC concrete after 28 and 90 days 
reaching strength levels of � 40 MPa and 70 MPa for 
w/b = 0.60 and 0.45, respectively. 

The effective diffusion coefficients according to 
NTBuild 443 are for OPC and EMC plotted as a func-
tion of w/b in Fig. 6. The EMC concrete showed a con-
siderably higher resistance to chloride penetration rela-
tive to the OPC concrete at similar w/b. Chloride diffu-
sion coefficients of EMC concrete are significantly 
lower relative to OPC concrete, especially with in-
creased w/b. For w/b = 0.60 the diffusion coefficients 
for EMC are only 50% of the coefficients for OPC con-
crete. Concrete produced with EMC containing 20% 
and 50% of quartz filler by OPC replacement showed 
comparable levels for diffusion coefficients. 

 
2.1.3 Energy modified cement with fly ash 
Justnes et al. (2007c) showed that it is feasible to make 
an EMC with 30% fly ash with 1 day strength of 37 
MPa as opposed to 5 MPa for a blend for the same 
components and 10 MPa for an OPC. EMCs with 50 
and 70% replacement of cement by fly ash had 1 day 
strengths of 15 and 11 MPa, respectively, which should 
be sufficient for form work removal and ensure the 
usual construction progress. 

Table 2 reveals the detailed data (Justnes et al. 
2007c) for water demand and the compressive strength 
development of mortars based on EMC cement (30, 50 
and 70% FA) in comparison with standard Portland ce-

ment and standard Portland cement with 20 and 40% of 
replacement with FA that has not been subjected to the 
EMC process (reference blends). EMC with 30% fly ash 
and water-to-binder ratio (w/b, where fly ash is part of 
the binder) 0.40 can be considered as high strength / 

Table 1 Properties of fresh concrete. 
Consistency, 

mm BinderType w/b 
Slump Spread 

App. Density 
kg/m3 

Air 
vol. %

0.45 110 420 2,420 2.0 
0.50 90 390 2,410 2.2 OPC 
0.60 105 425 2,400 2.1 
0.45 85 395 2,380 2.1 
0.50 90 390 2,390 1.9 EMC-50 
0.60 80 370 2,400 1.5 

 

 
Fig. 4 Compressive strength (100 mm cube) of concrete 
with w/b = 0.45 according to ISO 4012. 

 

 
Fig. 5 Compressive strength (100 mm cube) of concrete 
with w/b = 0.60 according to ISO 4012. 

 

 
Fig. 6 Effective chloride diffusion coefficient in accor-
dance with NTBuild 443 for OPC and EMC as a function 
of w/b. 
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high performance alternative for the newly developed 
blended cements, while 70% FA replacement may con-
sider a high performance HVFA (high volume fly ash) 
cement. 

According to Table 2, the EMC cement made by 50% 
OPC and 50% FA gave about 40% higher strength after 
24 hours than the reference OPC. This EMC mortar had 
slightly lower compressive strength than OPC mortar at 
7 days, but was superior to OPC mortar after 28 days. 
The EMC (50 % FA) performed significantly better than 
Portland-pozzolan blended cements with 20% and 40% 
fly ash replacements. The workability of this EMC ap-
pears better than the OPC. The high fly ash content in 
combination with optimized particle size distribution 
allows 10% reduction in w/b, which along with the in-
creased reactivity of FA contributes to higher long-term 
strength. The EMC based on 30% FA and 70% of OPC 
showed a compressive strength development in line 
with rapid hardening Portland cement and gave a 28 
days flexural strength of 9.6 MPa. The setting time of 
HVFA EMC (70% FA) is in line with OPC; initial and 
final set 2 h 40 min and 3 h 50 min, respectively. No 
water reducing agent has been used for the mortar with 
w/b = 0.42 in Table 2. It had 10-12% higher flow than 
OPC mortar with same water content. HVFA EMC is 
very sensitive to addition of superplasticizer. Only 0.1% 
by mass of cementitious material (cm = OPC + FA) 
leads to a reduction of w/b from 0.42 to 0.38 while 
maintaining flow. Mortars with HVFA exhibit excellent 
surfaces without flaws. According to Table 2, HVFA 
EMC shows improved 1 day strength and comparable 7 
days strength to OPC mortar of comparable flow. 

 
2.2 Chemical Activation 
Both GGBS (ground, granulated blast-furnace slag) and 
FA (fly ash) are activated by increased pH, but while 
GGBS is a latent hydraulic material, FA is a pozzolanic 
material consuming calcium hydroxide in producing 
hydraulic binder. 

One advantage of using common potassium carbonate 
(K2CO3 or KC in short), or sodium carbonate (Na2CO3 
or NC in short) for that matter as fly ash or slag activa-
tor, is that they are safe to handle and will form high pH 
in situ by reaction with calcium hydroxide from cement 
hydration; 

CH + KC= CC + KH (1) 

and at the same time form calcium carbonate with high 
surface area that probably is faster reactive with calcium 
aluminate hydrates than limestone powder. Such in situ 
forming accelerators were utilized by Justnes (1995, 
1996) making lime-pozzolan mortars with high early 
strength. The disadvantage may be that alkali carbonates 
may retard the setting of cement too much and give 
somewhat lower long term strength depending on total 
alkali content. 

Sodium sulphate is also a good accelerator for alumi-
nate containing pozzolana and slag involving in situ 
formation of NaOH for further acceleration and forma-
tion of solid ettringite and/or monosulphate with in-
creased water binding; 

3 NS (low pH) + 3 CH (from cement) +  
C3AH6 (from pozzolan) + 26 H = (2) 
3 NH (high pH) + C6AS3H32 

Shi and Day (1995, 2000a, b, 2001) studied the effect 
of Na2SO4 and CaCl2 as chemical activators on the 
strength of lime-fly ash pastes. Two different fly ashes 
were used (LFA=low lime content and HFA=high lime 
content) in the 20% hydrated lime and 80% fly ash 
mixes (no cement) and the chemical activators were 
added in dosages up to 5% of the lime-fly ash mass. The 
pastes were prepared with a water/solid ratio of 0.35 
(LFA) or 0.375 (HFA), and cured moist at 50ºC. Both 
Na2SO4 and CaCl2 clearly increased the compressive 
strength of the mortars, but sodium sulphate was supe-
rior with respect to the 1 day strength. Unfortunately are 
many of the chemical activation experiments performed 
at elevated temperatures being irrelevant for ready mix 
concrete, but still applicable for precast concreting. 

Qian et al. (2001) compared the effect of grinding for 
30 minutes in a ball mill and chemical activation 
through the addition of 3-4% Na2SO4. They found that 
chemical activation was more efficient than ordinary 
grinding. Chemical activation increased the 3 and 7 day-
strength of cement replaced with 30% fly ash by 5-10 
MPa. 

Lee et al. (2003) studied the strength and microstruc-
ture of fly ash-cement systems containing the accelera-
tors sodium sulphate, potassium sulphate and trietha-
nolamine. The accelerators did not only decrease or 
maintain the amount of calcium hydroxide, but also 
increased the amount of ettringite at early ages. The 
authors felt that small dosages of these accelerators 
were a viable solution for increasing the early compres-
sive strength of concrete with high amounts of fly ash. 

However, Hoang (2012) showed that it was possible 
to increase the strength of mortar where cement has 
been replaced by 30% fly ash by 60% after 2 days at 
5�C and by 30% after 1 day at 20�C using a ternary ac-
celerator at a dosage of only 0.35% of cement/fly ash 
mass. 

 

Table 2 Compressive Strength Development (MPa) of 
concrete with equal flow. 

Curing time (days) Cement type w/b 1 3 7 28
OPC1 

EMC (50 % FA)1 

EMC (30 % FA)1 

EMC (70% FA)2 
EMC (70% FA)2 
80% OPC1+20% FA 
60% OPC1+40% FA 

0.48 
0.43 
0.40 
0.42 
0.38 
0.46 
0.44 

10.3 
14.7 
36.7 
11.0 
12.5 
6.5 
3.8 

26.6 
22.9 

- 
23.0 
23.4 
20.4 
15.1 

30.0
27.2
51.6
28.0
30.0
23.6
17.7

38.6
41.1
62.4

- 
- 

35.8
29.6

   1OPC from Texas, USA. 2OPC (CEM I 42,5) from Sweden 
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3. Concrete with ternary binders 

Limestone is widely available and either used as raw 
meal for clinker making or as filler either in cement or 
in concrete. Fly ash from coal fired energy plants is 
abundant in India and many other countries. Combining 
fly ash with limestone will give a strength increase as a 
result of a chemical synergy. The theoretical considera-
tion of combining limestone and siliceous fly ash is as 
follows using cement chemist’s shorthand notation 
where C = CaO, S = SiO2, A = Al2O3, F = Fe2O3, S = 
SO3, C = CO2 and H = H2O: 

In an ordinary Portland cement the limestone filler is 
often considered inert since it has so little calcium alu-
minate hydrate to react with. The early C3A (usually 2-
10% of cement mass) reaction with gypsum initially 
lead to Ettringite (C6AS3H32), but there is normally not 
enough gypsum (CSH2) to balance all C3A, so when the 
C3A continue to hydrate it will transform Ettringite to so 
called “monosulphate”, or more correctly calcium 
monosulphoaluminate hydrate (C4ASH12); 

2 C3A + C6AS3H32 + 4 H = 3 C4ASH12 (3) 

However, over time the “monosulphate” is unstable in 
presence of limestone and will form calcium carboalu-
minate hydrate (C4ACH11) and the released sulphate 
may then react with “monosulphate” to form Ettringite 
again, which is stable in presence of limestone 
(Matschei et al., (2007a,b,c); 

 2 CC + 3 C4ASH12 +18 H = 2 C4ACH11 + C6AS3H32 (4) 

According to Eq. 4, 100 g (= 1 mole) of calcium car-
bonate (CC) will bind 18/2 = 9 mole (162 g) of extra 
liquid water, while cement binds 23 g water per 100 g 
reacted cement as comparison. Taking into account mo-
lar masses and densities of the individual compounds, 
the total increase in volume of solids for Eq. 4 can be 
calculated to 23 vol%. 

If there was even more C3A in the cement, another 
stable phase after the hydration would have been cal-
cium aluminate hexahydrate (C3AH6) that also can react 
with limestone to form calcium carboaluminate hydrate; 
 

CC + C3AH6 + 5 H = C4ACH11  (5) 

According to Eq. 5, 100 g calcium carbonate (1 mol) 
would then bind 90 g (5 mol) extra water. The total in-
crease in volume of solids according to Eq. 5 is then 40 
vol%. So the replacement of cement with limestone 
would have been very efficient in lowering total poros-
ity had there only been more calcium aluminate hydrate 
in the system. Increasing the C3A is not a viable option, 
due to more sulphate required to control setting and 
thereby more initial Ettringite formation possibly ham-
pering packing or flow. Calcium aluminate hydrates 
may, on the other hand, be produced after setting by 
aluminate containing supplementary cementing materi-
als (e.g. slag, fly ash, metakaoline). 

Usually, more limestone is added to cement than what 
can react with the aluminates present in the cement, 
even when one take into account hydration of the ferrite 
phase (C4AF). A Portland cement containing for in-
stance 5% Al2O3 could only in theory consume 
5%·100/102 � 5% calcium carbonate (using the molar 
ratio 1 from Eq. 5 and the molar weights 100 and 102 
g/mole for CaCO3 and Al2O3, respectively) if all the 
aluminate was converted to calcium carboaluminate 
hydrate, which is not the case since a fraction of it will 
end up as stable Ettringite (see Eq. 4). Lothenbach et al. 
(2008) used thermodynamic modelling to calculate the 
phase assembly and porosity of cement with limestone 
and found good correlations with strength evolution. 

Making cement with unusual high C3A content would 
eventually make it difficult to control in terms of setting. 
Another possibility is to combine limestone with sup-
plementary cementing materials (SCMs) that will form 
calcium aluminate hydrates in their reaction as already 
pointed out. Siliceous fly ash consisting of a glassy 
aluminosilicate (AS) phase forms a mixture of calcium 
silicate hydrate (CSH) gel, Strätlingite (C2ASH8) and 
calcium aluminate hydrates (e.g. C3AH6) in reaction 
with calcium hydroxide (CH). The following pozzolanic 
reaction is unbalanced since there are too many un-
knowns; 

CH + AS + H � CSH + C2ASH8 + C3AH6 (6) 

When combining limestone powder and fly ash, the 
advantage of one component can compensate for the 
shortcomings of the other. Limestone powder can com-
pensate by its filler effect for the loss of early age 
strength caused by the fly ash. Fly ash on the other hand 
can compensate by its pozzolanic reaction for the loss of 
long term strength caused by dilution effect of the lime-
stone addition.  

De Weerdt and Justnes (2008) studied fly ash – lime-
stone - calcium hydroxide mixes prepared with a high 
alkaline solution (pH = 13.2). A clear interaction be-
tween fly ash and limestone powder was observed. 
More water was bound relative to the fly ash content 
and the hydration products formed were altered. The 
calcium aluminate hydrates formed during the poz-
zolanic reaction of fly ash reacted with the calcium car-
bonate of the limestone powder and formed calcium 
carboaluminate hydrates. The interaction between the 
calcium carbonate of the limestone powder and the alu-
minate phase of clinker has been investigated by several 
researchers (Kuzel and Pölmann 1991; Kakali et al. 
2000; Bonavetti et al. 2001; Lothenbach et al. 2008b). 
In the presence of small amounts of limestone powder, 
hydration products alter. This can cause the total volume 
of the hydration products to increase (Hirao et al. 2007; 
Matschei et al. 2007b;Lothenbach et al. 2008a) result-
ing in an increase in strength and a decrease in perme-
ability. The effect of this interaction in OPC is however 
not so pronounced due to the limited aluminate content. 
Fly ash on the other hand can have relatively high alu-
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minate content. The chemical interaction between cal-
cium aluminate hydrates and calcium carbonate might 
therefore be of greater importance in cement with high 
fly ash content or other SCMs leading to increased 
amounts of calcium aluminate hydrates. 

This means that fly ash and limestone powder not 
only compensate for each other’s shortcomings when it 
comes to short- and long-term strength (i.e. additive 
effect), but there is also a true chemical interaction be-
tween the calcium carbonate of the limestone and the 
calcium aluminate hydrates formed by the pozzolanic 
reaction (i.e. a synergic reaction) as now thoroughly 
documented by De Weerdt et al. (2011). 

De Weerdt and Justnes (2008) showed that limestone 
will react with the pozzolanic product of fly ash to form 
calcium carboaluminate hydrate and also that this reac-
tion contributes to strength (De Weerdt et al., 2010). Fig. 
7 from the latter study shows that 5% limestone in com-
bination with 30% fly ash replacement of Portland gives 
higher 28 day strength that with 35 % fly ash replace-
ment alone, and even higher than 30% fly ash replace-
ment only (marked with a square). This means that 5% 
limestone in this case has the same effect on strength as 
5% cement! 

The preceding synergic principle will probably work 
for limestone in combination with other SCMs produc-
ing calcium aluminate hydrates in their reaction; e.g. 
blast furnace slag, metakaolin and calcined blue clay as 
indicated by the results in Fig. 2. Calcined marl is a 
natural combination of calcined clay and calcium car-
bonate providing it is calcined below 900°C (decompo-
sition temperature of calcite). The synergic reactions 
between the calcined clay part and the remaining cal-
cium carbonate may contribute to the excellent strength 
documented in Fig. 3 when calcined marl replaces ce-
ment. Research on marl as a relatively new SCM will 
continue within the research program COIN 
(www.coinweb.no). 

4. Making leaner concrete 

The principal different ways of using plasticizers or 
water reducing admixtures (WRAs) in concrete technol-
ogy is sketched in Fig. 8. However, the most sustainable 
way is to save cement and water while maintaining 
strength and workability relative to reference without 
WRA. 

Most concrete producers use WRA to save cement for 
economic reasons, but at the same time it gives ecologi-
cal benefits towards more sustainable construction. As a 
rule of thumb with modern polycarboxylate based su-
perplasticizers (PCS); 1 kg PCS reduces 20 kg water per 
m3 concrete. Using this rule for a concrete recipe with 
350 kg cement and 1.8 kg PCS /m3 and keeping w/c = 
0.60 constant, means then 290 kg cement (i.e. 60 kg or 
17% cement saved). Similar calculations can be done 
for any WRA knowing how many litre water can be 
saved per kg WRA (often stated by the admixture pro-
ducer). The recipe is often economically optimized by 
having cement and water to a slump of 30 mm and then 
adding WRA to obtain a 200 mm slump. 

Collepardi (2007) showed experimentally that the 
rule of thumb above is valid as reproduced in Table 3. 

 
 

 
Fig. 7 Comparing the 28 day compressive strength of 
composite cements with different combination of fly ash 
(FA) and limestone powder (L). 

Fig. 8 A sketch of different ways of utilizing water reduc-
ing agents (WRA) in concrete technology from Rixom 
and Mailvaganam (1999). 

Table 3 Recipe example with reduced binder utilizing 
WRA from Collepardi (2007). 

Component (kg/m3) Reference WRA-mix 
CEM II A-V 42,5 N 
0-4 mm sand 
4-16 mm gravel 
16-32 mm gravel 
Water 
WRA (PCS) 

350 
915 
395 
483 
210 
- 

297 (-15%) 
982 
424 
519 
178 
1.8 

Property   
w/c 
aggregate/cement 
slump (mm) 
strength at 28 d (MPa) 

0.60 
5.1 
230 
36 

0.60 
6.5 
240 
37 
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5. Concrete with binders tolerating alkali-
reactive aggregate 

The immediate conversion of alkali hydroxides to sili-
cates by silica fume (SF) will result in reduced alkali 
aggregate reactions. However, Bérubé and Duchesne 
(1992) showed that SF merely postpones expansion due 
to AAR. Nevertheless, SF as a remedy against AAR, 
together with other improvements in construction pro-
cedures, has found its application in Iceland where all 
cement has been interground with 7-8 % CSF to combat 
the problem (Asgeirsson 1986). In Norway, the cement 
is interground with 20% siliceous fly ash in order to be 
able to use ASR prone aggregate. Such solutions will 
contribute to more sustainable solutions as long trans-
port of high quality aggregate is avoided and high qual-
ity deposits will last longer. 
 
6. Conclusions 

Concrete can never be made sustainable since it is based 
on non-renewable mineral resources. However, concrete 
can be made more sustainable (or less un-sustainable) 
by replacing cement with supplementary cementing 
materials based on industrial by-products like slag and 
fly ash. 

Larger amount of fly ash can be used if loss in early 
strength is counteracted by finer grinding or special 
grinding (mechanical activation) or accelerators. 

Cement with interground silica fume and/or fly ash 
can even allow the use of alkali reactive aggregate and 
further save environment (i.e. local deposits and less 
transport). 

New SCMs like calcined blue clay or marl can re-
place fly ash in areas where high quality fly ash be-
comes scarce or are unavailable (other than by long 
transport). 

Water reducing agents can be used to make concrete 
with less overall binder and same strength and workabil-
ity, and thereby being more environmentally friendly. 

Making more concrete with less cement clinker con-
tent means less CO2 emission to the atmosphere and less 
use of limited natural resources and thereby more sus-
tainable construction. 
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