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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 concrete innovation should 
move along one or more of the following routes; 1) Replacing cement in concrete 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,              
4) Making concrete with local aggregate susceptible to alkali silica reaction (ASR) by using 
cement replacements, thus avoiding long transport of non-reactive aggregate, and 5) Making 
concrete with local aggregate manufactured from crushed rock. 
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1. INTRODUCTION 
The current focus on sustainability in the society and appurtenant demands and 

requirements for increased life time and reduced resource consumption, energy consumption 
and CO2-emission, as well as improved productivity, forces also the building sector to be 
more innovative in order to meet these challenges. This recognition was also the basis for 
the work that was conducted in COIN – the Concrete Innovation Centre in Norway 
(www.coinweb.no), on which results this paper is based. 

Concerning concrete, the CO2-emission associated with cement production has been 
pointed out as the main challenge, and therefore paid most attention. 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 material 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. Concrete 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 4 billion tons in 2013, meaning 
roughly 24 billion tons concrete or 10 billion m3 concrete. This quantity can be translated into 
making a concrete cylinder of about 20 cm diameter reaching the moon and back to earth 
every day or building a solid concrete block with 1 km2 base reaching higher (10 000 m) than 
Mount Everest (8 848 m) in a year! 

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 part of the clinker is replaced with supplementary cementing 
materials (SCMs). However, cement is a bulk product that should cover a wide range of 
applications and serve different customers, giving limitations on clinker replacements. 

Concrete, on the other hand, is the end product where the performance criteria are already 
specified and depending on application more can be done to increase its sustainability. This 
paper discusses the potential achievements and challenges by 

• Replacing cement in concrete with larger amounts of SCMs, also uncommon ones like 
calcined marl 

• Replacing cement in concrete with combinations of SCMs leading to synergic 
reactions enhancing strength 

• Producing leaner concrete with less cement per cubic meter utilizing plasticizers. 
• Making concrete with local aggregate susceptible to alkali silica reaction (ASR) by 

using cement replacements, thus avoiding long transport of non-reactive aggregate 
 
Other aspects adding to more sustainable concrete are not discussed in this paper, like: 
• Making concrete with recycled aggregate from demolished concrete structures. 
• Making more durable concrete with less maintenance and longer service life. 
• Making slimmer structures with high strength concrete. More cement per cubic meter, 

but less cubic meters 
• Utilizing the heat capacity of bare concrete to save energy for heating/cooling of 

offices/housing 
• Use of fibres replacing traditional rebars 
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• Use of lightweight aggregates 
• Use of self-compacting concrete 

2. CONCRETE WITH HIGH CONTENT OF SCM 
Replacing parts of the cement in concrete with SCMs, or making blended cement where 

clinker is partly replaced 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 to 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 metakaolin. However, the latter 
ones are not available in sufficiently large amounts, or are too expensive, to have large 
impacts on lowering CO2 emissions, even though they are contributing. Thus, there has been a 
search for large volumes of unexploited resources and one possibility found is calcareous clay 
or marl unsuitable for clay industries producing brick or lightweight 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 originate from marine deposits, so the 
chloride content must always be checked prior to use in reinforced concrete. 

Justnes et al. [1] tested calcined blue clay as a stabilizer for SCC (self-compacting 
concrete) by replacing limestone filler. As can be seen from Fig. 1, increasing clay 
replacement increased yield stress while the viscosity 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% by volume limestone filler and then 1/3 and 2/3 of this 
was replaced with calcined clay. 

 

 
Figure 1: The viscosity and yield stress of SCC where limestone powder (L) is increasingly 

replaced by calcined blue clay (Clay) from Justnes et al. [1]. 
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Figure 2: Compressive strength evolution of SCC where limestone powder (L) is replaced by 

calcined blue clay (Clay) from Justnes et al. [1]. 
 

Calcined marl as an effective pozzolan was published by Justnes et al. [2]. Compressive 
strengths of mortar where cement was partly replaced with marl calcined in pilot scale rotary 
kiln as a function of curing age is plotted in Fig. 3 for 50% calcined marl replacing cement. 
Note that same strength as reference is obtained at 28 days and sufficient strength (≈ 10 MPa) 
for demoulding at 1 day when cured at 20°C / 90% RH. 

 

 
Figure 3: Compressive strength of mortars with 0 (reference) and 50 % replacement of cement 

by calcined marl cured for 1, 3, 7 and 28 days [2]. 
 

The compressive strengths of mortar with cement partly replaced by marl calcined in a full 
scale (industrial) rotary kiln as function of replacement level (up to 65%) and age (up to 2 
years) has been published by Justnes and Østnor [3] together with durability properties and 
microstructure of the same mortars. 
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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. Hoang [4] 
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 
accelerator at a dosage of only 0.35% of cement/fly ash mass. 

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 still abundant in many 
countries like India and China. Combining fly ash with limestone will give a strength increase 
as a result of a chemical synergy. The theoretical consideration of combining limestone and 
siliceous fly ash is based on a delicate balance (Matschei et al. [5-7]) between ettringite, 
calcium monosulphoaluminate hydrate and calcium monocarboaluminate hydrate, and it is all 
about maximizing water binding. Since the cement has not enough aluminate to utilize this 
effect fully, a secondary aluminate forming SCM had to be introduced, e.g. fly ash. Hence, 
cement, limestone and for instance fly ash could then be denoted a ternary binder. 

Lothenbach et al. [8-9] used thermodynamic modelling to calculate the phase assembly and 
porosity of cement with limestone and found good correlations with strength evolution. 

De Weerdt and Justnes [10] studied fly ash – limestone - calcium hydroxide mixes 
prepared with a high alkaline solution (pH = 13.2). A clear interaction between 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 
pozzolanic reaction of fly ash reacted with the calcium carbonate of the limestone powder and 
formed calcium carboaluminate hydrates. The interaction between the calcium carbonate of 
the limestone powder and the aluminate phase of clinker has been investigated by several 
researchers (e.g. Lothenbach et al. [9]). In the presence of small amounts of limestone 
powder, hydration products alter. This can cause the total volume of the hydration products to 
increase (Matschei et al. [6], Lothenbach et al. [8]) resulting in an increase in strength and a 
decrease in permeability. 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 
aluminate content. The chemical interaction between calcium aluminate hydrates and calcium 
carbonate might therefore be of greater importance in cement with high fly ash content or 
other alumina containing 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 between 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. [11-13]. 

De Weerdt and Justnes [10] showed that limestone will react with the pozzolanic product 
of fly ash to form calcium carboaluminate hydrate and also that this reaction contributes to 
strength [11]. Fig. 4 from the latter study shows that 5% limestone in combination with 30% 
fly ash replacement of Portland gives higher 28 day strength that with 35 % fly ash 
replacement alone, and even higher than 30% fly ash replacement only (marked as square). 
This means that 5% limestone in this case has the same effect on strength as 5% cement! 
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The preceding synergic principle will probably work for limestone in combination with 
other SCMs producing 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 carbonate providing it is calcined at <850°C 
The synergic reactions between the calcined clay part and the remaining calcium carbonate 
contribute to the excellent strength documented in Fig. 3 when calcined marl replaces cement. 

4. MAKING LEANER CONCRETE 
The principal different ways of using plasticizers or water reducing admixtures (WRAs) in 

concrete technology is sketched in Fig. 5 [14]. However, the most sustainable way is to save 
cement and water by the use of WRA 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 ecological benefits towards more sustainable construction. As a rule of thumb 
with modern polycarboxylate based superplasticizers (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 litres of water can 
be saved per kg WRA (often stated by the admixture producer). 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 [15] showed experimentally that the rule of 
thumb above is valid. 
 

 
Figure 4: Comparing the 28 day compressive strength of composite cements with different 

combination of fly ash (FA) and limestone powder (L) from [11]. 
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Figure 5: A sketch of different ways of utilizing water reducing agents (WRA) in concrete 

technology from Rixom and Mailvaganam [14]. 

5. CONCRETE TOLERATING ALKALI-REACTIVE AGGREGATE 
The immediate conversion of alkali hydroxides to silicates by silica fume (SF) will result 

in reduced alkali aggregate reactions. However, Bérubé and Duchesne [16] showed that SF 
merely postpones expansion due to AAR. Nevertheless, SF as a remedy against AAR, 
together with other improvements in construction procedures, has found its application in 
Iceland where all cement has been interground with 7-8 % CSF to combat the problem [17]. 
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 
transport distances of high quality aggregate is avoided and high quality deposits will last 
longer. 

6. MANUFACTURED (LOCAL) AGGREGATE 
A fast-approaching coming shortage of traditional aggregate resources, firstly sand and 

gravel, has led to a need for alternative sources and technologies. Norway has seen a 
development towards more crushed aggregates from hard rock. Sustainability concerning 
access to and handling of aggregate resources is a challenging issue for an industry supplying 
highly needed materials, an industry which also is responsible for building up huge stockpiles 
of un-sellable crusher fines. Important elements of sustainability are resource efficiency, no-
waste production, recycling and effective logistics. Even though production of manufactured 
sand requires more energy than corresponding production of natural sand, the vicinity to the 
market, with less transport, will make manufactured sand environmentally favourable. A new 
and different development approach has been attempted in COIN by in bringing together and 
facilitating the crucial interaction between the professionals from the different involved 
industries (quarrying machinery supplier, aggregate producers, concrete producers and 
concrete contractors) and the academic people from universities and research institutions, in 
order come up with a better crushed sand solution for the future. The concept has been a zero-
waste technology for aggregate production, where instead of reducing the amount of the 
crushed fines their properties are rather engineered to crucially increase the overall 
performance of the sand in concrete. The project also involves collaboration with a state-of-
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the-art aggregate production plant where the new technology has already been implemented.  
The production process there is based on the new engineered sand concepts successfully 
supplying 100% all of the produced fractions to concrete and asphalt producers [18]. 

7. 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 (SCMs) based on industrial by-
products like slag and fly ash. Larger amount of SCMs 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 replace fly ash in areas where high quality fly ash becomes 
scarce or is unavailable (other than by long transport). Water reducing agents can be used to 
make concrete with less overall binder and same strength and workability, and thereby more 
environmentally friendly. Making more concrete with less cement clinker content means less 
CO2 emission to the atmosphere and less use of limited natural resources and thereby more 
sustainable construction. 
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