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Abstract 
During cement production large amounts of CO2 are emitted, about 1 tonne CO2 per tonne clinker, if no 
measures are taken. About 40% originates from fuel combustion, grinding and other operations, and 
60% from the de-carbonation of limestone to form the clinker phases. One way to reduce these 
emissions on the short term is by replacing part of the clinker with other materials such as slag, 
limestone powder, fly ash, silica fume and natural pozzolans. The type of replacement materials used 
depends on their availability (e.g. amount available, price and transportation) and is therefore 
dependent on the geographical location of the cement plant. The aim of this study is to contribute to 
the development of a novel all-round Portland composite cement for the Norwegian market. When this 
study was started, the cements produced at the Norwegian cement plants were: CEM I Portland 
cements containing up to 5% limestone powder and CEM II/A-V Portland fly ash cements containing up 
to 18% fly ash but no limestone powder. In this study, the effect of increasing the replacement levels of 
the ordinary Portland cement (OPC) (up to 35% replacement), and combining siliceous fly ash (FA) and 
limestone powder (L) to replace OPC are investigated.  

Using a combination of fly ash and limestone to replace OPC seems to be better than using only one of 
them. Limestone powder accelerates the early hydration more than fly ash, but fly ash contributes to 
strength development at later ages due to its pozzolanic reaction. Additionally a chemical interaction 
between fly ash and limestone has been observed, first in simplified cementitious system and later also 
in Portland composite cement. Limestone powder interacts with the AFm and AFt phases formed during 
the hydration of OPC. At first, ettringite forms during the hydration of OPC. When all gypsum is 
consumed, ettringite will react with the remaining aluminates and form monosulphate. In the presence 
of limestone, hemi- and monocarboaluminate are formed instead of monosulphate. The ettringite does, 
therefore, not decompose. This leads to higher volume of the hydrates, which on its turn might reduce 
the porosity and enhance the compressive strength. The effect of limestone powder on OPC is limited 
due to its low aluminate content. However, when part of the OPC is replaced by fly ash, the fly ash will 
introduce additional aluminates to the system as it reacts. This will lower the SO3/Al2O3 and increase the 
AFm/AFt ratio and thereby amplify the impact of limestone powder. These changes in the AFm and AFt 
phases have been experimentally observed by TGA, XRD and EDX, and predicted using thermodynamic 
modelling.        

Only a few percent of limestone powder are required to prevent ettringite from decomposing to 
monosulphate. The changes in hydration products resulting from these small limestone powder 
contents coincides with an increase in compressive strength. Replacement of 5% fly ash with 5% 
limestone powder in a 65%OPC+35%FA cement resulted in a compressive strength increase ranging 
between 8 and 13% after 28 days of curing. At higher limestone contents the compressive strength 
decreases again as the additional limestone mainly serves as an inert filler. Replacing 5% of OPC with 
limestone powder resulted, on the other hand, in a strength reduction or a slight increase up to 4% after 
28 days of curing. The beneficial effect of limestone is maximal at 28 days, and reduces slightly upon 
further curing. It is furthermore valid at 5, 20 and 40°C. However, at 40°C the fly ash reaction is 
accelerated and over time the fly ash content is more important than the synergetic effect.  

The observed increase in compressive strength has to be partly due to the chemical interaction 
described above as an inert filler (crystalline quartz) with a similar psd does not have the same beneficial 
impact on strength as limestone. Additionally, the presence of limestone powder does not seem to 
affect the reactivity of OPC and fly ash significantly.   

The observed effect between fly ash and limestone enables higher replacement levels than when only 
one of them is used. The applicability of the study is demonstrated by the fact that cement with the 
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modelling.        

Only a few percent of limestone powder are required to prevent ettringite from decomposing to 
monosulphate. The changes in hydration products resulting from these small limestone powder 
contents coincides with an increase in compressive strength. Replacement of 5% fly ash with 5% 
limestone powder in a 65%OPC+35%FA cement resulted in a compressive strength increase ranging 
between 8 and 13% after 28 days of curing. At higher limestone contents the compressive strength 
decreases again as the additional limestone mainly serves as an inert filler. Replacing 5% of OPC with 
limestone powder resulted, on the other hand, in a strength reduction or a slight increase up to 4% after 
28 days of curing. The beneficial effect of limestone is maximal at 28 days, and reduces slightly upon 
further curing. It is furthermore valid at 5, 20 and 40°C. However, at 40°C the fly ash reaction is 
accelerated and over time the fly ash content is more important than the synergetic effect.  

The observed increase in compressive strength has to be partly due to the chemical interaction 
described above as an inert filler (crystalline quartz) with a similar psd does not have the same beneficial 
impact on strength as limestone. Additionally, the presence of limestone powder does not seem to 
affect the reactivity of OPC and fly ash significantly.   

The observed effect between fly ash and limestone enables higher replacement levels than when only 
one of them is used. The applicability of the study is demonstrated by the fact that cement with the 
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Glossary of notations and terms 
The cement chemist’s short hand:  

C = CaO S = SiO2  A = Al2O3  F = Fe2O3   
H = H2O S = SO3  C = CO2   

The notation of the anhydrous phases and hydrates are subsequently:  

C3S 3CaO SiO2  tricalcium silicate 
C2S 2CaO SiO2 dicalcium silicate 
C3A 3CaO Al2O3 tricalcium aluminate 
C4AF 4CaO Al2O3 Fe2O3 Ferrite or brownmillerite 
CSH2   CaSO4 gypsum 
CC CaCO3 calcium carbonate 
CH Ca(OH)2 calcium hydroxide or Portlandite 
C6AS3H32 3CaO Al2O3 3CaSO4 32H2O ettringite  
C4ASH12   3CaO Al2O3 CaSO4 12H2O calcium monosulphoaluminate hydrate 
C4ACH11   3CaO Al2O3 CaCO3 11H2O calcium monocarboaluminate hydrate 
C4AC0.5H11.5   3CaO Al2O3 0.5Ca(OH)2 0.5CaCO3 11.5H2O calcium hemicarboaluminate hydrate 

 

Terms: 

C-S-H: Amorphous calcium silicate hydrate with a varying composition is able to take up A, S, Na+, K+ etc. 
It is the main hydration product of ordinary Portland cement and can also be formed by the 
reaction of pozzolans with CH.  

C-A-S-H: C-S-H with a relatively high aluminate content. 
C-A-H: calcium aluminate hydrates e.g. C2AH8, C3AH6 etc. 
Alite: Impure C3S as found in Portland cement containing other oxides in solid-state substitution 
Belite: Impure C2S as found in Portland cement containing other oxides in solid-state substitution. 
AFt-phases: The phase formed in the hydration of Portland cement which is derived from pure ettringite 

with partial substitution of A by F, and SO4
2- by other ions. 

AFm-phases: The phase formed in the hydration of Portland cement which is derived from the pure 
mono-sulphoaluminate with the partial substitution of A by F, and SO4

2- by other ions. 
 

Additional abbreviations: 

OPC ordinary Portland cement FA fly ash 
L limestone powder Q quartz 
PSD particle size distribution SEM  scanning electron microscopy 
BSE backscattered electron  IA image analysis 
EDX or EDS energy dispersive X-ray spectroscopy TGA thermogravimetric analysis 
DTA differential thermal analysis XRD X-ray diffraction 
XRF X-ray fluorescence IC ion chromatography   
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Blended cement with reduced CO2 emission - utilizing the fly ash-limestone synergy 
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Chapter 1 – Introduction 
 

Concrete is the most widely used material on earth apart from water, with nearly three tonnes used 
annually per capita [1]. It is strong, durable, water- and fire-resistant, castable and relatively inexpensive. 
This in addition to its versatile nature, as it can be transported and poured into required shape, makes it 
to a valuable building material.   

During the production of concrete about 0.08 to 0.32 tonnes CO2 is emitted per tonne of concrete, 
depending on cement type, strength and durability class [2, 3]. Due to the rising environmental 
awareness related to greenhouse gasses (e.g. CO2) and the growing demand of construction materials, 
governments have put out incentives to reduce these emissions. Compared to other construction 
materials, rather low levels of CO2 are emitted during the production of concrete i.e. about 1 - 1.4 tonne 
of CO2 is emitted per tonne steel produced, and about 0.64 tonne CO2 per ton timber [2, 3]. However, 
concrete, steel and timber cannot be compared on either a weight or volume basis. The materials have 
different properties and are used in different applications. A steel column supporting a certain load will 
be much more slender, than a concrete or a wooden column. Comparing the CO2 efficiency of different 
materials should therefore be related to a specific application [3]. Additionally, one should take into 
account the CO2 emissions associated with the use and maintenance of the structure, and its estimated 
lifetime. Intelligent architectural design combined with an optimized material choice, is one possible way 
to reduce the carbon footprint of buildings and infrastructure.   

Portland cement, the reactive component in concrete, reacts with water and forms the binder between 
aggregates and sand. The major part of the CO2 embodied in concrete originates from the cement. The 
cement industry is responsible for about 5-8% of the global man-made CO2 emissions [4]. This can be 
attributed to enormous amount of cement produced each year, about 1.7 109 tonne [2], and the high 
level of CO2 emitted during the production process. On average 0.8-0.9 tonne CO2 is emitted for the 
production of 1 tonne of cement [1, 4, 5]. The raw meal used to produce cement clinker consist for about 
75-79% of calcium carbonate, which is added in the form of limestone powder and/or marl [6]. During 
the clinkerization process the calcium carbonate decomposes to calcium oxide (see Equation (1)), 
thereby liberating CO2. This source of CO2 represents about 50-60% of the total amount of CO2 emitted 
during cement production [4, 7]. 

CaCO3 (s)    CaO (s)  +  CO2 (g)                  (1) 

The remaining 40-50% of the CO2 emissions, originate mainly form the heating of the cement kiln up to 
the clinkerization temperature of approximately 1450°C, and a minor part comes from grinding and 
transportation [7].  

There are different possibilities to reduce CO2 emissions in cement production [2, 4]. In order to reduce 
the fuel or electricity-related CO2, one can optimize the heat transfer and the grinding process, and burn 
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natural pozzolans. These products, except for limestone powder, calcined clay and natural pozzolans are 
by-products form other industries. A major advantage of the use of these SCMs in concrete, besides the 
clinker replacement, is the reduction in the amount of waste materials dumped in landfills.  

The use of SCMs is strongly dependent on their availability. Silica fume, one of the most efficient SCMs, 
has become increasingly scarce due to rising demand. The availability of granulated blast furnace slag 
and fly ash is strongly dependent on the supply and accessibility of respectively the steel industry and 
coal-fired power plants. Therefore the geographic position and accessibility of the cement plant plays a 
crucial role in the use of SCMs and hence the cement types produced. But besides availability, tradition 
also seems to play an important role. In Central Europe for example the use of limestone filler is very 
common [8], whereas in Scandinavia it appears to be rather rare, only in recent years Swedish and 
Danish cement manufacturers have introduced a cement with 15% limestone on the market. This 
difference cannot be explained by an availability difference as cement plants generally are positioned in 
the vicinity of limestone depositions. 

Table 1: Classification of the cement types according to EN 197-1 

% clinker replacement     0 10 20 30 40 50 60 70 80 90 100
Portland cement CEM I                                               
Portland composite cement CEM II A     6-20                                   
    B           21-35                             
Blastfurnace cement CEM III A                 36-65                 
    B                             66-80           
    C                                   81-95     
Pozzolanic cement CEM IV A       11-35                             
    B                 36-55                     
Composite cement CEM V A                 36-60                   
    B 61-80        
 

In order to be able to sell a certain cement type on the European market, it has to conform with the 
European standards EN 197-1. It should however be noted that there is a higher degree of freedom for 
replacing part of the cement with SCMs in concrete when done at the concrete mixing plants.  

Table 1 shows the different cement classes allowed within EN 197-1. CEM I represents ordinary Portland 
cement (OPC). This cement type can contain additional constituents up to 5%. All the cement types 
presented in Table 1 except CEM I are blended cements. CEM II cement types can contain SCMs up to 
35%. This is the most commonly used cement type in Europe. They are subdivided into two classes, 
namely A and B. Most used is the A class with lowest cement replacement level (up to 20%). The other 
cement types, CEM III, CEM IV and CEM V, are less common. They are mostly tailor-made for specific 
construction projects. Nowadays in Europe, the CEM II cement is more common than plain ordinary 
Portland cement (CEM I). In 2004, CEMBUREAU reported that plain OPC, CEM I, only had a market share 
of 32% compared to 55% for CEM II, for all the strength classes. Furthermore, for the strength class 32.5, 
the market share of CEM I was about 9%, and 70% for CEM II [9]. This demonstrates the interest for CEM 
II cements on the European market.  

  

Blended cement with reduced CO2 emission - utilizing the fly ash-limestone synergy 
K. De Weerdt 

2 

natural pozzolans. These products, except for limestone powder, calcined clay and natural pozzolans are 
by-products form other industries. A major advantage of the use of these SCMs in concrete, besides the 
clinker replacement, is the reduction in the amount of waste materials dumped in landfills.  

The use of SCMs is strongly dependent on their availability. Silica fume, one of the most efficient SCMs, 
has become increasingly scarce due to rising demand. The availability of granulated blast furnace slag 
and fly ash is strongly dependent on the supply and accessibility of respectively the steel industry and 
coal-fired power plants. Therefore the geographic position and accessibility of the cement plant plays a 
crucial role in the use of SCMs and hence the cement types produced. But besides availability, tradition 
also seems to play an important role. In Central Europe for example the use of limestone filler is very 
common [8], whereas in Scandinavia it appears to be rather rare, only in recent years Swedish and 
Danish cement manufacturers have introduced a cement with 15% limestone on the market. This 
difference cannot be explained by an availability difference as cement plants generally are positioned in 
the vicinity of limestone depositions. 

Table 1: Classification of the cement types according to EN 197-1 

% clinker replacement     0 10 20 30 40 50 60 70 80 90 100
Portland cement CEM I                                               
Portland composite cement CEM II A     6-20                                   
    B           21-35                             
Blastfurnace cement CEM III A                 36-65                 
    B                             66-80           
    C                                   81-95     
Pozzolanic cement CEM IV A       11-35                             
    B                 36-55                     
Composite cement CEM V A                 36-60                   
    B 61-80        
 

In order to be able to sell a certain cement type on the European market, it has to conform with the 
European standards EN 197-1. It should however be noted that there is a higher degree of freedom for 
replacing part of the cement with SCMs in concrete when done at the concrete mixing plants.  

Table 1 shows the different cement classes allowed within EN 197-1. CEM I represents ordinary Portland 
cement (OPC). This cement type can contain additional constituents up to 5%. All the cement types 
presented in Table 1 except CEM I are blended cements. CEM II cement types can contain SCMs up to 
35%. This is the most commonly used cement type in Europe. They are subdivided into two classes, 
namely A and B. Most used is the A class with lowest cement replacement level (up to 20%). The other 
cement types, CEM III, CEM IV and CEM V, are less common. They are mostly tailor-made for specific 
construction projects. Nowadays in Europe, the CEM II cement is more common than plain ordinary 
Portland cement (CEM I). In 2004, CEMBUREAU reported that plain OPC, CEM I, only had a market share 
of 32% compared to 55% for CEM II, for all the strength classes. Furthermore, for the strength class 32.5, 
the market share of CEM I was about 9%, and 70% for CEM II [9]. This demonstrates the interest for CEM 
II cements on the European market.  

  

Blended cement with reduced CO2 emission - utilizing the fly ash-limestone synergy 
K. De Weerdt 

2 

natural pozzolans. These products, except for limestone powder, calcined clay and natural pozzolans are 
by-products form other industries. A major advantage of the use of these SCMs in concrete, besides the 
clinker replacement, is the reduction in the amount of waste materials dumped in landfills.  

The use of SCMs is strongly dependent on their availability. Silica fume, one of the most efficient SCMs, 
has become increasingly scarce due to rising demand. The availability of granulated blast furnace slag 
and fly ash is strongly dependent on the supply and accessibility of respectively the steel industry and 
coal-fired power plants. Therefore the geographic position and accessibility of the cement plant plays a 
crucial role in the use of SCMs and hence the cement types produced. But besides availability, tradition 
also seems to play an important role. In Central Europe for example the use of limestone filler is very 
common [8], whereas in Scandinavia it appears to be rather rare, only in recent years Swedish and 
Danish cement manufacturers have introduced a cement with 15% limestone on the market. This 
difference cannot be explained by an availability difference as cement plants generally are positioned in 
the vicinity of limestone depositions. 

Table 1: Classification of the cement types according to EN 197-1 

% clinker replacement     0 10 20 30 40 50 60 70 80 90 100
Portland cement CEM I                                               
Portland composite cement CEM II A     6-20                                   
    B           21-35                             
Blastfurnace cement CEM III A                 36-65                 
    B                             66-80           
    C                                   81-95     
Pozzolanic cement CEM IV A       11-35                             
    B                 36-55                     
Composite cement CEM V A                 36-60                   
    B 61-80        
 

In order to be able to sell a certain cement type on the European market, it has to conform with the 
European standards EN 197-1. It should however be noted that there is a higher degree of freedom for 
replacing part of the cement with SCMs in concrete when done at the concrete mixing plants.  

Table 1 shows the different cement classes allowed within EN 197-1. CEM I represents ordinary Portland 
cement (OPC). This cement type can contain additional constituents up to 5%. All the cement types 
presented in Table 1 except CEM I are blended cements. CEM II cement types can contain SCMs up to 
35%. This is the most commonly used cement type in Europe. They are subdivided into two classes, 
namely A and B. Most used is the A class with lowest cement replacement level (up to 20%). The other 
cement types, CEM III, CEM IV and CEM V, are less common. They are mostly tailor-made for specific 
construction projects. Nowadays in Europe, the CEM II cement is more common than plain ordinary 
Portland cement (CEM I). In 2004, CEMBUREAU reported that plain OPC, CEM I, only had a market share 
of 32% compared to 55% for CEM II, for all the strength classes. Furthermore, for the strength class 32.5, 
the market share of CEM I was about 9%, and 70% for CEM II [9]. This demonstrates the interest for CEM 
II cements on the European market.  

  

Blended cement with reduced CO2 emission - utilizing the fly ash-limestone synergy 
K. De Weerdt 

2 

natural pozzolans. These products, except for limestone powder, calcined clay and natural pozzolans are 
by-products form other industries. A major advantage of the use of these SCMs in concrete, besides the 
clinker replacement, is the reduction in the amount of waste materials dumped in landfills.  

The use of SCMs is strongly dependent on their availability. Silica fume, one of the most efficient SCMs, 
has become increasingly scarce due to rising demand. The availability of granulated blast furnace slag 
and fly ash is strongly dependent on the supply and accessibility of respectively the steel industry and 
coal-fired power plants. Therefore the geographic position and accessibility of the cement plant plays a 
crucial role in the use of SCMs and hence the cement types produced. But besides availability, tradition 
also seems to play an important role. In Central Europe for example the use of limestone filler is very 
common [8], whereas in Scandinavia it appears to be rather rare, only in recent years Swedish and 
Danish cement manufacturers have introduced a cement with 15% limestone on the market. This 
difference cannot be explained by an availability difference as cement plants generally are positioned in 
the vicinity of limestone depositions. 

Table 1: Classification of the cement types according to EN 197-1 

% clinker replacement     0 10 20 30 40 50 60 70 80 90 100
Portland cement CEM I                                               
Portland composite cement CEM II A     6-20                                   
    B           21-35                             
Blastfurnace cement CEM III A                 36-65                 
    B                             66-80           
    C                                   81-95     
Pozzolanic cement CEM IV A       11-35                             
    B                 36-55                     
Composite cement CEM V A                 36-60                   
    B 61-80        
 

In order to be able to sell a certain cement type on the European market, it has to conform with the 
European standards EN 197-1. It should however be noted that there is a higher degree of freedom for 
replacing part of the cement with SCMs in concrete when done at the concrete mixing plants.  

Table 1 shows the different cement classes allowed within EN 197-1. CEM I represents ordinary Portland 
cement (OPC). This cement type can contain additional constituents up to 5%. All the cement types 
presented in Table 1 except CEM I are blended cements. CEM II cement types can contain SCMs up to 
35%. This is the most commonly used cement type in Europe. They are subdivided into two classes, 
namely A and B. Most used is the A class with lowest cement replacement level (up to 20%). The other 
cement types, CEM III, CEM IV and CEM V, are less common. They are mostly tailor-made for specific 
construction projects. Nowadays in Europe, the CEM II cement is more common than plain ordinary 
Portland cement (CEM I). In 2004, CEMBUREAU reported that plain OPC, CEM I, only had a market share 
of 32% compared to 55% for CEM II, for all the strength classes. Furthermore, for the strength class 32.5, 
the market share of CEM I was about 9%, and 70% for CEM II [9]. This demonstrates the interest for CEM 
II cements on the European market.  

  



Blended cement with reduced CO2 emission - utilizing the fly ash-limestone synergy 
K. De Weerdt 

3 

 

 

Chapter 2 – Objective and limitations  
 

Currently in Norway, two blended cements (CEM II) are produced, containing up to 20% fly ash 
(Standardsement FA and Anleggssement FA). The objective of this study is to contribute to the 
development an all-round Portland composite cement (CEM II/B-M) with clinker replacement levels 
higher than 30%. The study focuses on the use of a combination of limestone powder and class F fly ash. 
Limestone is available in different grades of purity in Norway, but fly ash has to be imported from coal-
fired power plants in Germany, Denmark or the Netherlands. A possible synergetic interaction between 
fly ash and limestone powder was postulated at the start of the project. 

In order to formulate this ternary Portland composite cement, exploiting the potential of the 
components both chemically and physically, the following research steps were undertaken:  

• Examining the interaction between fly ash and limestone powder in cementitious systems 
• Optimizing the fineness of the components of the ternary Portland composite cement  
• Optimizing the replacement levels of the different components  
• Evaluating the hydration mechanisms of the ternary Portland composite cement 
• Evaluating the effect of curing time and temperature on the hydration of the ternary Portland 

composite cement 

The cement is primarily meant to be used in concrete for buildings and not for infrastructure, thus 
relatively high water-to-cement ratios e.g. 0.5-0.6 will be applied. Therefore it was opted not to optimize 
the particle packing and rheological properties and all tests have been performed with a water-to-
cement ratio of 0.5.  

Documentation of the optimal gypsum content, mechanical properties (except for mortar strength) and 
durability is beyond the scope of the thesis. 
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Chapter 3 – Summary of used methods 
 

Particle characterization: helium pycnometry – Blaine specific surface – laser granolumetry  
The specific weight and the particle size distribution of the materials were determined using respectively 
an AccuPyc helium pycnometer from Micrometrics and a Mastersizer laser diffractometer from Malvern. 
The Blaine specific surface was measured using the air permeability method described in EN 196-6. 

Compressive and flexural strength 
The compressive and flexural strength were determined according to EN 196-1. Mortar prisms 
(40×40×160 mm) with cement – sand – water proportions of (1/3/0.5) were prepared. The samples were 
cured in Ca(OH)2 saturated solution until testing.  

Isothermal calorimetry  
The isothermal rate of heat of hydration was measured on 6 g of paste with water-to-binder ratio of 0.5. 
The paste was prepared in a glass vial using a slow stirring IKA-WERKE RW16 mixer. Subsequently, the 
vial was sealed and loaded into a TAM Air isothermal calorimeter in which the rate of heat of hydration 
was measured at 20�C during the first 24 hours after water addition. 

Chemical shrinkage (CS) 
Cement pastes were prepared with a water-to-binder ratio of 0.4. About 5 g of paste was weighed into 
an empty glass vial. The vial was filled with de-aerated water and sealed with a rubber stopper with an 
inserted graduated capillary tube. Care was taken to avoid air bubbles in vial and tube. A drop of paraffin 
was placed in the top of the capillary tube to minimize water evaporation. The samples were stored in a 
water bath at 20°C. Periodically the height of the water column in the capillary was noted together with 
the time expired since water addition to the cement. Three replicas were made. This method is 
described in  ASTM C 1608-07. 

Pore solution analysis – ion chromatography (IC) 
The pore solution of a cylindrical cement paste sample of 500 ml cured under sealed conditions at 20°C, 
was extracted using the steel die method [10]. Immediately after extraction, the solution was filtrated 
using a 0.45 μm nylon filter. The pore solution was analysed with a pH electrode, calibrated with known 
KOH concentrations. The concentration of Na, K, S, Ca, Si and Al in the pore solution was determined 
using a Dionex Ion Chromatography system (ICS) 3000 using standards from Fluka.  

Thermogravimetric analysis (TGA) 
Cement paste samples were prepared with water-to-binder ratio of 0.5 and stored at 20°C in 20 ml 
sealed plastic vessels. The samples, used for thermogravimetric analysis and X-ray diffraction, were 
crushed (< 63 m). The hydration was stopped by solvent exchange using either ethanol or a 
combination of isopropanol and ether. The samples were either dried in the TGA at 40°C while flushing 
with N2, or stored for about 1 hour in a dessicator over silica gel prior to analysis.  

The amount of bound water (H) and calcium hydroxide (CH) are determined with thermogravimetric 
analysis using a Mettler Toledo TGA/SDTA851 by measuring the weight loss of a 50 mg sample in the 
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respective temperature intervals 40-550�C and 450-550�C. The exact boundaries for the temperature 
interval of CH are read from the derivative curve (DTG). The values are expressed as %wt. of the sample 
mass at 550�C. 

Generally the amount of bound water is determined by the weight loss between 105 and 1000°C. It was 
decided to use the weight loss between 40 and 550°C, as at 105°C the decomposition of ettringite and C-
S-H has already started, and in the temperature interval 550-900°C the weight loss is mainly due to the 
decomposition of  carbonates originating from the limestone powder.  

X-ray diffraction (XRD) 
The crystalline anhydrous and hydrous phases were identified using X-ray diffraction (XRD). Two 
different diffractometers were used in the course of the study, Bruker AXS D8 focus and Phillips 
PANalytical X’Pert Pro MPD, equipped with respectively a LynxEye and an X’celerator detector. Both 
have a -2  configuration and a CuK  source ( =1.54 Å). The powder samples of about 3 g were scanned 
between 5° and 70° 2 . The powder samples used for XRD are the same as those used for TGA. 

A selection of phases was quantified by Rietveld analysis using an external CaF2 standard according to 
the method described in [11, 12]. 

Scanning electron microscopy (SEM) – energy dispersive X-ray spectroscopy (EDS) 
The degree of hydration of OPC and fly ash, and the coarse porosity was determined using image analysis  
applied on backscattered electron (BSE) images taken by a Philips ESEM FEG XL 30 of a epoxy resin 
impregnated, polished and carbon coated piece of hydrated cement paste. The hydration of the 
hydrated cement paste was stopped by immersing it in isopropanol or ethanol and subsequent drying at 
40°C. Over sixty images were taken per sample at a magnification of 1600. The minimum pore radius 
measured is reported to be 0.17 m by the operator. The analyses were carried out using an accelerating 
voltage of 15kV to ensure a good compromise between spatial resolution and adequate excitation of the 
FeK  peak. 

The variations in the chemical composition of the crypto crystalline C-S-H phase due to changes in curing 
temperature and the ongoing reaction of fly ash, e.g. Ca/Si ratio and Al incorporation, were investigated 
using Energy dispersive X-ray spectroscopy (EDX).  

Thermodynamic modeling (GEMS) 
The hydration of the tested cements was modelled using the Gibbs free energy minimization program, 
GEMS [13]. The thermodynamic data from the PSI-GEMS database [14, 15] was supplemented with 
cement specific data [16-18]. GEMS computes the equilibrium phase assemblage in a multi-component 
system based on the bulk composition of the materials.  
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Chapter 4 – Background 
 

Ordinary Portland cement 
Ordinary Portland cement is produced by burning finely ground raw meal consisting of mainly limestone, 
and to a lesser degree marl, clay or even shale, at about 1450°C in a rotary kiln. The material obtained 
after burning is called clinker. The clinker is cooled rapidly and blended with gypsum and subsequently 
ground to a fine powder.  

The main oxides present in ordinary Portland clinker are: CaO (60-70%), SiO2 (18-22%), Al2O3 (4-6%) and 
Fe2O3 (2-4%) [19]. They represent about 95% of the clinker, the remaining 5% includes MgO, K2O, Na2O, 
TiO2, Mn2O3, SO3. The main oxides constitute the main mineralogical phases of the clinker namely [19]:  

• Alite     3CaO SiO2    C3S  55-65% 
• Belite    2CaO SiO2   C2S  15-25% 
• Aluminate   3CaO Al2O3   C3A  8-14% 
• Ferrite or brown millerite 4CaO Al2O3 Fe2O3  C4AF  8-12%  

Alite and belite react with water to form C-S-H gel and CH according to Equations (2) and (3) respectively. 

C3S + zH   CxSHy + (3-x) CH          (2) 
C2S + zH   CxSHy + (2-x) CH         (3) 
With z = y+3-x for alite and z = y+2-x for belite, and Z typically falls in the range 3-4. 

Alite is the main clinker mineral and is much more reactive than belite during the first days of hydration. 
It is therefore the most important of the constituent phases for the strength development during the 
first 28 days. Belite reacts slowly, but can contribute to the strength development after 28 days. A great 
part of it can remain unreacted even after one year of hydration. 

The aluminate phase reacts with water and gypsum to form ettringite (Equation 4). Within the first day 
the gypsum is consumed and the ettringite starts to react with the remaining aluminate to form calcium 
monosulphaluminate (also referred to as monosulphate) as described by Equation (5). 

C3A + 3CSH2 + 26H  C6AS3H32            (4) 
C6AS3H32 + 2 C3A + 4H  3C4ASH12           (5) 

The hydration of the ferrite phase is analogous to the hydration of aluminate phases. The Al in ettringite 
and monosulphate can be partly replaced by Fe. The phases derived from pure monosulphate and pure 
ettringite with partial substitution of Al by Fe, and SO4

2- by other ions and are referred to respectively as 
the AFm and AFt phases.   

The clinker contains alkalis, easy soluble or incorporated in the clinker phases. This together with the 
formation of CH results in a high pH pore solution in the hydrated paste.  

Portland-fly ash cement  
Fly ash is a by-product from coal-fired power plants. Pulverized coal is injected in the furnace and 
incinerated to heat up water and produce steam for the turbine driven generators. Fly ash is the 
residuum of the coal particles, which are collected from the exhaust by electrostatic or mechanical 
precipitation [6]. Due to the high temperatures reached in the furnace, 1000-1600°C depending on 
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Fe2O3 (2-4%) [19]. They represent about 95% of the clinker, the remaining 5% includes MgO, K2O, Na2O, 
TiO2, Mn2O3, SO3. The main oxides constitute the main mineralogical phases of the clinker namely [19]:  

• Alite     3CaO SiO2    C3S  55-65% 
• Belite    2CaO SiO2   C2S  15-25% 
• Aluminate   3CaO Al2O3   C3A  8-14% 
• Ferrite or brown millerite 4CaO Al2O3 Fe2O3  C4AF  8-12%  

Alite and belite react with water to form C-S-H gel and CH according to Equations (2) and (3) respectively. 

C3S + zH   CxSHy + (3-x) CH          (2) 
C2S + zH   CxSHy + (2-x) CH         (3) 
With z = y+3-x for alite and z = y+2-x for belite, and Z typically falls in the range 3-4. 

Alite is the main clinker mineral and is much more reactive than belite during the first days of hydration. 
It is therefore the most important of the constituent phases for the strength development during the 
first 28 days. Belite reacts slowly, but can contribute to the strength development after 28 days. A great 
part of it can remain unreacted even after one year of hydration. 

The aluminate phase reacts with water and gypsum to form ettringite (Equation 4). Within the first day 
the gypsum is consumed and the ettringite starts to react with the remaining aluminate to form calcium 
monosulphaluminate (also referred to as monosulphate) as described by Equation (5). 

C3A + 3CSH2 + 26H  C6AS3H32            (4) 
C6AS3H32 + 2 C3A + 4H  3C4ASH12           (5) 

The hydration of the ferrite phase is analogous to the hydration of aluminate phases. The Al in ettringite 
and monosulphate can be partly replaced by Fe. The phases derived from pure monosulphate and pure 
ettringite with partial substitution of Al by Fe, and SO4

2- by other ions and are referred to respectively as 
the AFm and AFt phases.   

The clinker contains alkalis, easy soluble or incorporated in the clinker phases. This together with the 
formation of CH results in a high pH pore solution in the hydrated paste.  

Portland-fly ash cement  
Fly ash is a by-product from coal-fired power plants. Pulverized coal is injected in the furnace and 
incinerated to heat up water and produce steam for the turbine driven generators. Fly ash is the 
residuum of the coal particles, which are collected from the exhaust by electrostatic or mechanical 
precipitation [6]. Due to the high temperatures reached in the furnace, 1000-1600°C depending on 
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whether a dry or a slag-tap furnace is used [6], most of the mineral components contained in the coal 
melt and form small fused droplets which upon rapid air cooling transform into spherical glassy particles. 
They consist predominantly of SiO2, Al2O3, Fe2O3 and alkalis. However, their chemical composition can 
vary considerably and depends on the composition of the inorganic fraction of the coal. Fly ash used in 
cement production generally has a glass content that varies between 50-90%, the remaining part 
consists of crystalline phases such as mullite, quartz and hematite, and often some left over unburned 
carbon particles.  

Fly ash is classified according to composition regarding international cement and concrete standards. In 
the European standard, EN-197-1, fly ash is divided into siliceous and calcareous fly ash based on the 
reactive calcium oxide content. The former contains less than 10% reactive calcium oxide and the latter 
more. Additionally it should contain more than 25% reactive silicon oxide in order to be used in blended 
cements to conforming to EN-197-1. The American ASTM C618 uses two classes: class F and class C fly 
ash. This classification gives requirements for the total reactive SiO2, Al2O3 and Fe2O3 content of the fly 
ash, requiring a total content higher than 70% for the former and higher than 50% for the latter. 
Indirectly, this classification refers to the reactive calcium oxide content.  

Siliceous ash and Class F fly ash are often referred to as pozzolanic materials. Whereas, calcareous and 
Class C fly ash are considered partially hydraulic. Pozzolanic materials principally consist of reactive SiO2 
and Al2O3 which in an alkaline solution react with CaO and form reaction products. When a pozzolan is 
combined with ordinary Portland cement (OPC), calcium hydroxide is provided by the hydration of the 
OPC and the highly alkaline pore solution activates the pozzolanic reaction. The reaction products 
formed by the pozzolan are similar to the ones formed by OPC (see Equation 6). Class C or calcareous fly 
ashes provide part of the CaO themselves and are therefore referred to as partially hydraulic. The 
pozzolanic reaction can qualitatively be described as (AS = aluminosilicate); 

AS (fly ash) + CH (OPC) + H  C-(A-)S-H + C-A-H        (6) 

Fly ash has been used in concrete for many years, resulting in numerous publications. Malhotra and 
Mehta [20] provide a concise overview of the impact of fly ash on the properties of concrete: Replacing 
part of the cement with fly ash generally results in slower setting and hardening rates at early ages, 
especially at lower curing temperatures. However, over time, the mechanical properties can be superior 
compared to concrete prepared with plain OPC. Due to the spherical shape of the majority of the 
particles, fly ash can improve the flowability of the concrete due to its “ball-bearing-effect”. Therefore fly 
ash has been referred to as a water reducer as less water is needed to obtain the same flow when part of 
the OPC is replaced by fly ash. From a durability point of view fly ash has proved to be able to lower the 
permeability (higher resistance to chloride intrusion) and reduce alkali-silica-reaction (ASR) and sulphate 
attack, when used in correct proportions and cured properly.  

 

Portland-limestone cement  
The effect of limestone powder on the hydration of OPC has been a point of discussion for many years. 
The “aktivitt”-case in post-war Norway is a good example of this [21]. Engineer Arne Daniels patented 
the addition of metamorphic limestone powder under the brand name “aktivitt” to concrete, claiming 
that it would increase the strength and improve the resistant of concrete to marine environment [22-26]. 
It led to heated discussions in Scandinavia. An expert committee was appointed to evaluate the claim. 
Several series of tests were performed and the committee concluded that the effect of the “aktivitt” was 
no different compared to other limestone and rocks, and was merely due to its physical effect also 
referred to as filler effect. 
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Nowadays, it is generally accepted that 5% replacement of OPC with limestone powder does not impair 
the properties of the concrete to large extent. The majority of the current regulations allow the 
replacement of 5% of the cement with limestone for all standard cement types e.g. Brazil (NBR-5732), 
Canada (CAN3-A5-M83), Europe (EN-196) and USA (ASTM C150). Adding 5% of limestone powder is both 
economical and environmental advantageous as 5% less clinker has to be burned. As limestone is the 
main ingredient for the raw meal of the Portland clinker (about 80%), it is always available at cement 
plants. 

When replacing more than 5% of the OPC, limestone powder has to fulfil the following requirements to 
conform with the European regulations EN-197: more than 75% of its mass has to consist of CaCO3, the 
clay content determined by methyl adsorption has to be limited to 1.2g/100g and the total organic 
carbon content should not exceed 0.20% or 0.50% by mass. 

The hydration of OPC is accelerated by the presence of limestone powder [27-32]. The finer the 
limestone, the greater is the effect [27, 32]. This has been attributed to its filler effect: the surface of the 
limestone particles serves as a nucleation and precipitation surface of the hydration products and the 
effective water to OPC ratio increases when the water to binder ratio is kept constant. It should be 
mentioned that the effect of limestone powder on the hydration of OPC is stronger with decreasing 
water-to-binder ratio [33]. 

Limestone powder interacts with the hydration of the calcium aluminates [34]. The AFm and AFt phases 
formed in a hydrating cement paste alter in the presence of limestone powder: calcium hemi- or mono- 
carboaluminate hydrate forms instead of calcium monosulphoaluminate hydrate [35-38] (see Equation 7 
and 8). Therefore the ettringite will not decompose to monosulphate and remains stable.  

C3A + CC + 11H  C4ACH11            (7) 
C3A + 0.5 CC + 0.5 CH + 11H  C4AC0.5H11.5          (8) 

Replacing 5 to 10% of the OPC with limestone powder does generally not impair the compressive 
strength to a great extent [21]. This can be attributed to the filler effect and the chemical interaction 
between the calcium carbonate from the limestone powder and the aluminate hydrates.  

 

Fly ash & limestone Portland composite cements 
The chemical effect of limestone powder on OPC is limited due to the low aluminate content in the 
clinker, about 5-10% [39]. However, when part of the OPC is replaced by fly ash, additional aluminates 
are added to the system as the fly ash reacts. Fly ash can have a considerably higher aluminate content 
than OPC, typically around 30% [39]. These aluminates may react with the limestone powder and can 
therefore amplify the effect of the limestone powder.  

Portland composite cements containing limestone and fly ash [32, 40-42] or other alumina containing 
SCM’s such as slag [43-45] and natural pozzolans [46] have been studied. The combination of limestone 
powder and fly ash, slag or natural pozzolan appeared to be complementary: the limestone powder 
improves the early strength, while the slag, fly ash or natural pozzolan improves the later strength by its 
pozzolanic or hydraulic reaction. The interaction between limestone powder and alumina containing 
SCM’s has however not been investigated, except for Hoshino et al. [45], who attributed the observed 
interaction between slag and limestone powder to changes in the AFm and AFt phases, using XRD-
Rietveld analysis.  

The main objective of this study is to obtain a better understanding of the interaction between limestone 
powder and fly ash when replacing part of the cement.  
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Limestone powder interacts with the hydration of the calcium aluminates [34]. The AFm and AFt phases 
formed in a hydrating cement paste alter in the presence of limestone powder: calcium hemi- or mono- 
carboaluminate hydrate forms instead of calcium monosulphoaluminate hydrate [35-38] (see Equation 7 
and 8). Therefore the ettringite will not decompose to monosulphate and remains stable.  

C3A + CC + 11H  C4ACH11            (7) 
C3A + 0.5 CC + 0.5 CH + 11H  C4AC0.5H11.5          (8) 

Replacing 5 to 10% of the OPC with limestone powder does generally not impair the compressive 
strength to a great extent [21]. This can be attributed to the filler effect and the chemical interaction 
between the calcium carbonate from the limestone powder and the aluminate hydrates.  

 

Fly ash & limestone Portland composite cements 
The chemical effect of limestone powder on OPC is limited due to the low aluminate content in the 
clinker, about 5-10% [39]. However, when part of the OPC is replaced by fly ash, additional aluminates 
are added to the system as the fly ash reacts. Fly ash can have a considerably higher aluminate content 
than OPC, typically around 30% [39]. These aluminates may react with the limestone powder and can 
therefore amplify the effect of the limestone powder.  

Portland composite cements containing limestone and fly ash [32, 40-42] or other alumina containing 
SCM’s such as slag [43-45] and natural pozzolans [46] have been studied. The combination of limestone 
powder and fly ash, slag or natural pozzolan appeared to be complementary: the limestone powder 
improves the early strength, while the slag, fly ash or natural pozzolan improves the later strength by its 
pozzolanic or hydraulic reaction. The interaction between limestone powder and alumina containing 
SCM’s has however not been investigated, except for Hoshino et al. [45], who attributed the observed 
interaction between slag and limestone powder to changes in the AFm and AFt phases, using XRD-
Rietveld analysis.  

The main objective of this study is to obtain a better understanding of the interaction between limestone 
powder and fly ash when replacing part of the cement.  
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Chapter 5 – Main findings 
 

The main findings of this study will be reported by discussing the major conclusions of each of the 
papers. They are presented in an order which follows the progression of the study. 

 

Interaction between fly ash and limestone in a simplified system (Paper I) 
In the first paper, the interaction between fly ash (FA) and limestone powder was studied in cement free-
pastes. Pastes composed of lime/FA and lime/FA/limestone, respectively, were compared. Clinker was 
excluded to simplify the system. Instead an excess of calcium hydroxide (Ca(OH)2) and alkaline mixing 
water (i.e. pH 13.2 and K/Na = 2:1) was used to simulate the conditions in a hydrating cement paste.  

The mixes were cured at 5, 20, 38 and 80°C, and the reactions were stopped after 1, 3, 7, 28 and 88 days 
of curing.  

The addition of limestone resulted in a slight increase in the amount of chemically bound water relative 
to the amount of FA. FA also appeared to bind more water than what was provided by calcium 
hydroxide. The XRD patterns of the pastes confirmed an interaction between the limestone and the FA, 
which resulted in the formation of calcium carboaluminate hydrates when limestone was included. At 
higher temperatures (80°C) the calcium carboaluminate phase appeared to be unstable and other 
hydration phases (e.g. hydrogarnet type phases) were observed. 

 

Effect of component fineness (Paper II) 
Composite cements in which the ordinary Portland cement (OPC) is party replaced by limestone powder 
and/or siliceous fly ash (FA) at levels up to 35% have been studied using three different finenesses for 
each material. The aim was to evaluate the influence of fineness and replacement level on the 
development of the compressive strength, the amount of bound water and calcium hydroxide and the 
heat of hydration of the composite cements.  

The OPC fineness is the major parameter regarding the early hydration. At 28 days the fineness of the fly 
ash also plays an important role due to its contribution to the pozzolanic reaction. Indeed, intensive 
grinding of the fly ash appears to accelerate the reaction of the fly ash as observed from the calcium 
hydroxide consumption. Varying the fineness of the limestone powder within the tested range (362 – 
812 m2/kg) had no effect on the hydration of the OPC and the composite cement.  

Limestone powder slightly accelerates the hydration of the OPC during the first day, whereas fly ash 
retards. When both are combined, limestone powder is able to compensate for the retardation caused 
by the fly ash. Additionally, replacing part of the OPC with fly ash and limestone powder increases the 
heat emitted by OPC during the first 24 hours of hydration. This can be attributed to the filler effect of 
the fly ash and the limestone. It was found that for a water-to-binder ratio of 0.50, this filler effect is not 
related to the increase of the effective water-to-OPC ratio. 

Up to 10 % of the fine OPC can be replaced by fine limestone powder without impairing the compressive 
strength. Replacing 5% of OPC with limestone powder gives rise to a strength increase of about 2% after 
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28 days. Using 5% fine limestone powder instead of 5% fine FA in a cement containing 35% FA resulted, 
on the other hand, in a considerable strength increase of 13% at 28 days, indicating a synergetic effect 
between limestone powder and fly ash.  

The finenesses of the materials used for further research are based on the results obtained in paper II, 
keeping in mind production conditions at the cement plant. The OPC was ground to 450 m2/kg which was 
the medium fineness tested. The fineness has to be high enough to obtain sufficient reactivity at early 
ages. On the other hand, the fineness is limited due to the cost associated with grinding. The limestone 
was ground to a fineness of 800 m2/kg. In production limestone powder would be interground with the 
OPC. Limestone powder is a softer material than clinker and would therefore be concentrated in the 
finer fraction. In the current production process, fly ash is added in the air separator at the end of the 
mill in which the larger particles are returned to the inlet of the mill whereas the others pass. Therefore, 
only the larger particles of the fly ash are ground in this setup. During the first 15 to 20 minutes, the 
density of the fly ash increases after which it does not change considerably. This indicates that during 
this period the coarser and porous particles are crushed. Hence, it was opted to grind the fly ash only for 
15 minutes to simulate the effect of adding fly ash at the end of the mill, even though fly ash turns more 
reactive upon progressive grinding. 

 

Synergy between fly ash and limestone after 28 days (Paper III) 
In the previous paper, a positive effect on the compressive strength was observed when replacing part of 
the fly ash with limestone powder in fly ash blended cement. The materials used in that study were, 
however, ground very fine, too fine from an industrial point of view. A new experimental matrix was set 
up using coarser OPC and fly ash. The results on mortar and paste after 28 days of curing at 20°C are 
presented in Paper III.  

A similar synergetic effect between fly ash and limestone powder was observed as in Paper II, however, 
using coarser OPC and FA. Replacing 5% of fly ash with 5% of limestone powder in a 65% OPC + 35% FA 
cement resulted in a strength increase of about 10% (4 MPa). Additionally, in the same mix, 20% of fly 
ash can be replaced by 20% limestone powder without impairing the strength. The 65%OPC + 30% FA + 
5% limestone blend had a slightly higher strength than the 70%OPC + 30% FA blend, showing that due to 
the synergetic effect between fly ash and limestone powder, 5% additional OPC can be replaced. 

Limestone powder has a greater beneficial effect on the fly ash blended cement than on the OPC. The 
replacement of 5% OPC with only limestone powder resulted in a strength increase of about 4% (2 MPa). 
The greater effect when fly ash is included might be partly attributed to the chemical interaction 
between fly ash and limestone powder, as observed in Paper I. The additional aluminates provided by 
the fly ash, amplifying the effect of the limestone powder on the aluminate hydrates formed.  

The replacement of 5% of fly ash or OPC with limestone powder did result in an enhanced compressive 
strength, and also in an increase in the amount of bound water and remarkably in a decrease in the 
calcium hydroxide content. The combination of an increase in bound water and a decrease in calcium 
hydroxide indicates a change in the nature of the hydration products formed.  

Thermogravimetric tests pointed toward a change in hydration products when limestone powder was 
included in the system. This was confirmed by X-ray diffraction showing the formation of calcium 
carboaluminate hydrates in the presence of limestone powder. The effect appears to be more 
pronounced for the fly ash blended cements. 

This change in the nature of the hydration products is suggested as an explanation for the observed 
increase in compressive strength.   
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Synergy between fly ash and limestone (Paper IV) 
In Paper IV, the same experimental matrix as in Paper III was used, with the main goal of evaluating the 
synergistic effect over longer times. The experiments were performed with a new batch of OPC and FA, 
in the laboratories of EMPA, Dübendorf, instead of the SINTEF laboratories in Trondheim. The aim of 
Paper IV was to evaluate whether the interaction would last over time or not. The paste and mortar 
samples were cured for 1, 28, 90 and 180 days at 20°C. 

In this study, replacing part of the OPC with limestone powder resulted in a strength decrease at all 
tested ages, whereas experiments in Paper II and III had shown that up to 10% of the OPC could be 
replaced by only limestone powder without impairing the compressive strength at 28 days. There is no 
satisfactory explanation for this except for possible aging and carbonation of the clinker.  

The beneficial effect of limestone powder on fly ash blended cement was also reduced compared to the 
results from Paper III, as only about 5 to 10% of the fly ash could be replaced by limestone powder 
without impairing the strength, whereas in Paper III up to 25% could be replaced. Nevertheless, 5-10% of 
the fly ash can be replaced by limestone powder at all tested ages without impairing the compressive 
strength. The beneficial effect of the limestone, however, decreases with curing time, as expected since 
the slow fly ash reaction dominates over longer times.   

From the results of Paper IV, it can be concluded that the synergistic effect between fly ash and 
limestone powder observed in Paper III remains over time (1-180 days), but becomes weaker at later 
ages.    

 

Quantification of the degree of reaction of fly ash (Paper V) 
In order to study the hydration of Portland composite cement containing fly ash, the degree of reaction 
of the fly ash should be quantified. In Paper V, different methods are compared.  

The first method is based on selective dissolution. The idea is to dissolve the unreacted OPC and 
hydration products, leaving the unreacted fly ash undissolved. The residues after the selective 
dissolution were compared by mass and examined by SEM. Some of the tested methods tended to 
dissolve part of the unreacted fly ash, whereas others were not able to dissolve the hydration products 
or part of the unreacted OPC.  

The second method tested monitored the dissolution of Al and Si from the fly ash which was highly 
diluted in a strong alkaline solution. Over time, products started to precipitate, indicating that this 
method does not function over longer time. 

The third and final method was based on image analysis of BSE images taken from hydrated pastes. By 
combining different mathematical filters, the amount of unreacted fly ash was segmented from the 
images.  

The third method resulted in the most consistent set of results and was therefore used in the 
subsequent articles.  

 

Hydration mechanisms (Paper VI) 
The synergetic effect between fly ash and limestone powder is most significant for small limestone 
replacement levels as observed from results obtained in Paper IV. To investigate this effect more 
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thoroughly four cement types were selected for further examination: 100% OPC, 95%OPC+5%L, 
65%OPC+35%FA and 65%OPC+30%FA+5%L with FA = fly ash and L = limestone powder. 

Limestone powder was replaced by crystalline quartz (considered inert) to eliminate the chemical effect. 
The presence of 5% limestone increases, relative to blends containing the same amount of quartz, the 
compressive strength and the amount of bound water. Additionally, the effect was more pronounced in 
the presence of fly ash.  

Quantification of the unreacted clinker and fly ash indicated that the presence of limestone powder did 
not alter significantly the reactivity of either of them.  

The effect of limestone powder on the hydration of OPC and OPC-FA appears to be due to its interaction 
with the hydration products formed. At 1 day, the hydrates formed are similar for all tested 
combinations: C-S-H, portlandite, ettringite. But after 1 day, when the reaction of the clinkers continues 
while the gypsum has been depleted, the kind and amount of AFm and AFt phases start to differ 
between the limestone containing and limestone–free OPC and OPC-FA blends. In the absence of 
limestone powder, ettringite decomposes to monosulphate. However, in the presence of calcium 
carbonate, the main constituent of limestone powder, the decomposition of ettringite to monosulphate 
is prevented as monosulphate is rendered unstable and instead calcium mono- and hemicarboaluminate 
hydrates are formed as observed experimentally and predicted by the thermodynamic modelling. The 
changes in AFm and AFt phases are reflected in the sulphur concentrations of the pore solution. The 
effect appears to be greater for the fly ash blended cement due to a lower SO3/Al2O3 ratio. This on its 
turn is caused by replacing part of the OPC with fly ash, which as it reacts introduces additional 
aluminates to the system. As predicted by the thermodynamic modelling, the XRD patterns show a larger 
amount of AFm and AFt phases when fly ash is present. However, aluminates liberated by fly ash do not 
only go into AFm and AFt phases as part of it also is incorporated in the C-S-H gel as observed by EDX 
measurements.  

The stabilisation of ettringite and the formation of carboaluminate hydrates, when limestone is present, 
lead to an increase in the volume of hydration products, as indicated by the increased chemical 
shrinkage. This on its turn leads to a decrease in porosity and thus to an increase in compressive 
strength. While a clear increase in strength was observed, the experimental determination of the 
porosity of the cement paste did not show a clear difference between the blends with and without 
limestone powder. This might be associated with the relatively large error of measurement or to the 
dehydration of ettringite during the sample preparation. 

 

Alternative model (Paper VII) 
The experimental results obtained in Paper IV and Paper VI are combined with a different kind of model. 
The model predicts the effect of gradual replacement of OPC or fly ash with limestone powder on the 
hydrate assemblage, and enables to calculate the impact of the variation of certain parameters. 

The model shows that the presence of limestone powder results in the formation of hemi-and 
monocarboaluminate hydrate instead of monosulphate and hydrogarnet, thereby stabilizing the 
ettringite as also shown by the experiments in Paper III, IV and VI and the model in Paper VI. As 
limestone powder replaces the OPC or fly ash, monosulphate transforms to ettringite, resulting in an 
increase of the volume of the hydrates as monosulphate has a higher density than ettringite, 2.01 vs. 
1.77 [39]. At the same time hemicarboaluminate is formed. Upon continued limestone powder addition, 
the hemicarboaluminate will transform to the more carbonate rich monocarboaluminate resulting in a 
decrease of the total volume of hydrates as the former has a slightly lower density than the latter, 1.98 
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vs. 2.17 g/cm3 [39]. These two mechanisms result in a maximum solid volume predicted for limestone 
powder additions of 2-3% for the tested cements. Upon further replacement of OPC or fly ash with 
limestone powder, the total solid volume starts to decline again, as the additional limestone does no 
longer react and therefore acts as filler replacing the more reactive components, OPC and fly ash.  

The model predicts a larger increase in total solid volume as more of the fly ash has reacted, and at the 
same time, the optimal limestone replacement increases. Varying the percentage of the calcium 
carbonate of the limestone powder reacted, showed that the optimal limestone replacement increases 
when less calcium carbonate has reacted.   

 

The effect of curing temperature (Paper VIII) 
Cement paste and mortar prepared with the four cement types studied in Paper VI together with one 
extra, 70%OPC+30%FA, were cured at 5�C, 20�C and 40�C (with FA = fly ash and L = limestone powder). 

After the first day of hydration, increasing of curing temperature accelerates significantly the OPC 
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Chapter 6 – Concluding remarks 
 

A preliminary study showed that fly ash and limestone powder interact in a cementitious system. More 
water was bound relative to the fly ash content in the presence of limestone powder and the hydration 
products formed were proven to contain calcium carboaluminate hydrate. 

A study on the effect of the fineness of the different components (OPC, fly ash and limestone) showed 
that the OPC fineness is the major factor regarding hydration both at early and later age. However, after 
28 days the fineness of the fly ash also plays an important role as fly ash is activated by grinding. Varying 
the fineness of the limestone powder within the tested range did not affect the hydration of the cement 
considerably.  

A synergetic effect between fly ash and limestone powder was observed in four independent sets of 
experiments in which different combinations of fly ash and limestone powder replaced 35%of the OPC. A 
considerable strength increase ranging between 8-13% was observed after 28 days when 5% of the fly 
ash is replaced by 5% of limestone powder in a 65%OPC + 35% fly ash. The effect has been documented 
up to 180 days, but diminishes with time after 28 days as more of the fly ash reacts. The effect of 
limestone powder appears to be more beneficial for fly ash blended cement than for OPC. In the case of 
OPC, a 5% limestone powder replacement results after 28 days of curing at 20°C in a slight strength 
decrease or a minor increase up to 4%.  

The effect of small limestone powder additions on the compressive strength can be due to both a 
physical effect known as the filler effect, and/or a chemical effect.  

To study the filler effect, equivalent mixes were prepared using crystalline quartz powder (considered 
chemically inert) instead of limestone powder, with a similar particle size distribution. The presence of 
limestone powder containing cements had higher compressive strength than their equivalents prepared 
with quartz. This indicates that the enhanced compressive strength observed upon limestone powder 
addition is partly due to a chemical interaction.  

The reactivity of the clinker phases and the fly ash was not significantly altered by the presence of 
limestone powder. It was decided to determine the reactivity of the fly ash by SEM-IA, after different 
methods had been compared. The unreacted OPC was quantified by both SEM-IA and XRD-Rietveld, 

The main impact of limestone powder on the hydration of OPC and fly ash blended cements seem to be 
due to changes in the nature of the hydration products. In the absence of limestone powder, ettringite 
decomposes to monosulphate. However, in the presence of limestone powder, the decomposition of 
ettringite to monosulphate is prevented as monosulphate is rendered unstable and instead calcium 
mono- or hemicarboaluminate are formed. This mechanism is predicted by thermodynamic modelling 
and confirmed with experimental data (TGA, XRD, EDX and pore solution analysis). The effect is more 
pronounced for the fly ash blended cements as the additional aluminates originating form the fly ash 
lower SO3/Al2O3 ratio and thereby increase the AFm/AFt ratio. However, it should be noted that part of 
the aluminates liberated by fly ash also are incorporated in the C-S-H. 

The stabilisation of ettringite and the formation of hemi-and monocarbonate, when limestone is present, 
leads to an increase in the volume of hydration products, which might result in a decrease in porosity 
and a subsequent increase in compressive strength. The stabilization of the ettringite and the increase of 
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the compressive strength have been confirmed experimentally. However, the experimental 
determination of the porosity of the cement paste did not show a clear difference between the blends 
with and without limestone powder. This might be due to either the relatively large error associated with 
the measurements, or the dehydration of the ettringite during the preparation of the samples. 

Varying the curing temperature affects the hydration of OPC and fly ash blended cements in different 
ways. In the case of OPC with or without limestone powder, increasing the curing temperature results in 
an accelerated hydration of the OPC, but results in a decreased final compressive strength, due to an 
inhomogeneous distribution of the hydration products. The fly ash blended cements, on the other hand, 
demonstrate an increase in the final compressive strength with increasing curing temperature, as the fly 
ash reaction is activated by the elevated temperature and is able to contribute more to the compressive 
strength. The beneficial effect of fly ash when curing at elevated temperatures is twofold: the filler effect 
of the fly ash leads to a more homogeneous distribution of the hydration products at the early ages, 
additionally the formation of pozzolanic hydration products reduces the porosity of the matrix at later 
ages. 

Replacing 5% of the OPC or fly ash with limestone powder has a beneficial effect on the compressive 
strength at all tested curing temperatures (5, 20 and 40°C). However, from 28 days on the effect is 
cancelled out for the fly ash blended cements cured at 40°C due to the activation of fly ash by the 
elevated temperature, rendering the fly ash content more important than the synergetic effect between 
fly ash and limestone powder. 
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strength at all tested curing temperatures (5, 20 and 40°C). However, from 28 days on the effect is 
cancelled out for the fly ash blended cements cured at 40°C due to the activation of fly ash by the 
elevated temperature, rendering the fly ash content more important than the synergetic effect between 
fly ash and limestone powder. 
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Chapter 7 – Future research 
 

Porosity measurements 
There is one missing link in the thesis. The increase in compressive strength observed when 5% of OPC or 
fly ash is replaced by 5% limestone powder has been attributed to the stabilization of ettringite by 
limestone powder. This would increase the total volume of hydration products, which on its turn would 
reduce the porosity and cause an increase of the compressive strength. All of the steps of this reasoning 
have been confirmed except the porosity reduction. The problem is that ettringite 
(3CaO Al2O3 3CaSO4 32H2O) is a very water rich hydration product. Many techniques used to measure 
porosity require drying of the sample prior to analysis. In that case ettringite will loose most of its bound 
water and the pore filling effect of ettringite will be destroyed. Additionally, the effect of limestone 
powder on the porosity is relatively small and might therefore be within the error of many techniques.  

One possible way to resolve this missing link could be the use of low temperature calorimetry which is a 
technique applied to compare the pore structure of different saturated samples (not dried) [47]. 
Unfortunately, only a few of these working instruments can be found in Europe. 

 

Determining the reactivity of the limestone powder 
The calcium carbonate content of a hydrated cement paste can be determined by X-ray diffraction (XRD) 
combined with Rietveld analysis, or by thermogravimetric analysis (TGA).  

With XRD-Rietveld, the crystalline calcium carbonate content is determined. The problem is that only a 
couple percent of calcium carbonate relative to the total dry weight will react. In the case of XRD-
Rietveld, the consumption of the calcium carbonate is not much larger than the error of measurement.  

Using TGA, the calcium carbonate content is calculated from the weight loss in a temperature interval 
above 600°C where the carbonates decompose and CO2 is emitted from the sample. In this case the 
problem is that the calcium carbonate bound in hydration products decomposes at slightly lower 
temperature interval than the unreacted calcium carbonate, but their intervals overlap. 

A solution might be to deconvolute the DTG graphs in the area where the carbonates decompose or to 
find another technique. 

 

Optimizing the gypsum content 
Another point of interest is the optimal gypsum content of the Portland composite cement containing fly 
ash and limestone powder. Sulphates are added to the clinker mainly to regulate the setting, but their 
presence also influences the strength and the volumetric stability. In the presence of limestone, there 
will be the competition between carbonate and sulphate for the reaction with the aluminate. Limestone 
powder might therefore reduce the optimal gypsum content [48, 49], but how will the additional 
aluminates provided by the fly ash affect that? 
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Durability of the ternary composite cement 
Limestone powder can enhance the sulphate resistance [50]. Fly ash on the other hand can reduce the 
chloride ingress and improve the resistance against alkali-silica reaction [20].  

Over time thaumasite (Ca3Si(OH)6(SO4)(CO3) 12H2O) may form in limestone containing cements when 
cured at lower temperatures (5-10°C) in humid conditions [39]. This can have a detrimental effect on the 
binding capacity of the cement paste. It should be noted that, no thaumasite was observed after ½ year 
of curing at 5°C submerged in saturated calcium hydroxide solution. 

Hence, the study of the durability of concrete prepared with Portland composite cement containing both 
limestone powder and fly ash will be both complex and interesting.  
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Abstract

 
Currently, blended cements (CEM II) are the most commonly used cements in Europe. 

Most blended cements are binary, composed of clinker and one supplementary cementitious 
material (SCM). The clinker replacement level in blended cements may be increased by 
combining different SCM’s. In this paper a preliminary study on the combination of fly ash 
(FA) and limestone and their interaction was conducted.  

Cement-free pastes composed of lime/FA and lime/FA/limestone, respectively, were 
compared. Clinker was excluded to simplify the system. In stead an excess of calcium 
hydroxide (Ca(OH)2) and alkaline mixing water (i.e. pH 13.2 and K/Na = 2:1) was used to 
simulate the conditions in a hydrating cement paste.  

The mixes were cured at 5, 20, 38 and 80°C, and the reactions were stopped after 1, 3, 7, 
28 and 88 days of curing. The microstructure of the hardened binder was investigated by 
thermogravimetry (TG), X-ray-diffraction (XRD) and scanning electron microscopy (SEM). 

The addition of limestone resulted in a slight increase in the amount of chemically bound 
water relative to the amount of FA. FA also appeared to bind more water than what was 
provided by calcium hydroxide. The XRD patterns confirmed an interaction between the 
limestone and the FA, which resulted in the formation of calcium carboaluminate hydrates. At 
higher temperatures (80°C) the calcium carboaluminate phase appeared to be unstable and 
other hydration phases (e.g. hydrogarnet type phases) were observed.  

 
 

1.  INTRODUCTION 
Nowadays blended cements are most often binary, containing only one supplementary 

cementitious material (SCM). Due to the rising environmental awareness and diminishing 
natural resources, there is a growing interest in all-round composite cements in which larger 
parts of the clinker are replaced by SCMs. At high replacement levels, the early strength 
development becomes an issue. A possible way to improve early hydration could be to replace 
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the clinker with a combination of different materials, resulting in ternary and even quarternary 
systems. Some cement producers have added silica fume to cement containing larger amounts 
of fly ash or slag [1], in order to improve the early strength development. These cement types 
are far from common. As silica fume is becoming increasingly scarce, it might be interesting 
to look into more available products. One possible option can be finely ground limestone. The 
extra surface supplied by the small limestone particles provides extra nucleation sides for 
hydration products of the clinker and therefore accelerates its hydration. This effect is referred 
to as the filler effect.  

When developing ternary cements, the chemical interaction between the different 
components is of great importance, in particular if it would lead to a denser binder. Besides 
the thorough studies of Bülent Yilmaz and Asim Olgun [2], and Taijiro Sato and James. J. 
Beaudoin [3] very little is published on ternary blends containing both limestone and fly ash. 
The few other studies only focus on the physical properties such as strength and heat 
development and omit the chemical interactions [4],[5]. This study on the chemical 
interactions will lead to a better understanding of the system, and will be of importance during 
the optimization of such ternary cements. 

Fly ash is a pozzolan, when added to cement and water, it will react with the calcium 
hydroxide produced during clinker hydration. Reaction products such as calcium silicate 
hydrate (C-S-H), strätlingite and hydrogarnets may form.  

The carbonate from the limestone, on the other hand, can react with the aluminate phase of 
the clinker. Due to the relatively low amounts of aluminate in clinker (5%), these interactions 
have been neglected by many researchers in the past, and limestone powder was often 
considered as inert.  

There is generally a higher amount of aluminates in the fly ash, around 20%, than in 
clinker. This could render the interaction between the carbonates and the aluminates more 
important, in a blended cement containing fly ash. 

In this paper pastes of calcium hydroxide (CH), siliceous fly ash (FA) and with/without 
limestone were prepared. Calcium hydroxide was in excess relative to the assumed pozzolanic 
reaction and alkaline water was used to simulate the conditions in cement paste. The reaction 
products and microstructure were analyzed with thermal analysis (TGA/SDTA), X-ray 
diffraction (XRD) and scanning electron microscopy (SEM). 

 

2.  MATERIALS 
A commercial siliceous fly ash (FA) was provided by the Norwegian cement producer, 

Norcem. The FA composition determined by X-ray fluorescence analysis is shown in Table 1.  
 

Table 1 : XRF results of the siliceous fly ash (FA) in %. 
Oxide Fe2O3 TiO2 CaO K2O P2O5 SiO2 Al2O3 MgO Na2O MnO LOI

FA 6.66 1.28 6.31 1.82 0.91 53.83 23.45 1.82 0.62 0.1 4.96 
 
The natural limestone filler was delivered by Franzefoss, Norway.  
The pastes were prepared with alkaline water. The water had a K2O/Na2O ratio of 2:1 and 

a pH of 13.2, to simulate the water phase in a typical cement paste. 
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3.  EXPERIMENTAL 
Two different pastes were prepared with recipes as given in Table 2. 
 

Table 2 : Composition of the different blends (mass in g). 
Notation FA/L FA
Fly ash 90 100 
Limestone 10 - 
Ca(OH)2 100 100 
Water 127 129 

 
5g cerium oxide (CeO2) was added to each blend in order to be able to quantify phases by 

XRD. Cerium oxide functions as a reference as it is inert in these high alkaline systems. The 
pastes were prepared in beakers and stirred by hand. The alkaline water was added until a 
castable mix was obtained. Several samples were taken of each blend. They were sealed in 
small glass vials with lids and stored in 5, 20, 38 and 80ºC rooms. After 0, 1, 3, 7, 28 and 88 
days the reaction was stopped, as the samples were crushed fine and immersed in an excess of 
ethanol. Some larger fragments were kept separate in small glasses filled with ethanol. The 
ethanol was filtrated from the fine crushed samples, which were then dried at 105ºC for about 
24 hours. The dried samples were then stored in glass vials with lids. 

Simultaneous TGA/SDTA analyses were performed with a Mettler Toledo TGA/SDTA 
851. Samples of about 300 mg were weighed into aluminium oxide crucibles. The tests were 
carried out with a heating rate of 10ºC/min going from 30ºC to 1,100ºC, while the samples 
were purged with N2. The samples cured for 88 days at 20ºC and 80ºC were analysed by an 
AXS D8 focus X-ray diffractometer. The dry powders were submitted to an angular scan 
between 5 and 70º 2  with a step size of 0.02º and a step time of 23.8 s. An AXS D8 focus 
and CuK  radiation was used. The larger fragments of samples cured for 88 days at 38ºC and 
80ºC were investigated by a JEOL JXA-8500F Electron Probe Micro analyzer (EPMA), in 
order to detect certain hydrates. Interesting phases were analysed by an energy dispersive X-
ray spectrometer (EDS). 

 

4.  RESULTS 

4.1 Thermogravimetry 
Fig. 1 and Fig. 2 show the results of the thermogravimetric (TG) analysis. The graphs on 

the left in both figures depict the weight loss due to the dehydration of reaction products such 
as calcium silicate hydrates (C-S-H), calcium aluminate hydrates (C-A-H) and calcium 
aluminosilicate hydrates (C-A-S-H). These reactions mainly take place in the temperature 
interval ranging from 105ºC up to the dehydration temperature of the reactant calcium 
hydroxide (about 450ºC). This last temperature is determined by the onset on the dehydration 
reaction which is clearly visible in the first derivative of the TG curve (DTG).  

The graphs on the right of both Fig. 1 and Fig. 2 show how the weight loss due to 
dehydration of calcium hydroxide (CH) which is reduced with time due to consumption by 
the pozzolanic reaction. The temperature range for this reaction is determined for each sample 
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and CuK  radiation was used. The larger fragments of samples cured for 88 days at 38ºC and 
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order to detect certain hydrates. Interesting phases were analysed by an energy dispersive X-
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from the DTG-curve in which this reaction results in a clear peak. The start and end 
temperatures vary around 400ºC and 550ºC, respectively. 

The weight losses are expressed as a percentage of the amount of fly ash in the sample. 

 
Fig. 1 : TGA results for the FA-blend. Left : weight loss due to dehydration of hydrates 
between 105ºC and about 400ºC. Right : reduction in the weight loss due to dehydration 

of calcium hydroxide between about 400ºC and 550ºC. 
 

 
Fig. 2 : TGA results for the FA/L blend. Left : weight loss due to dehydration of 

hydrates between 105ºC and about 400ºC. Right : reduction in the weight loss due to 
dehydration of calcium hydroxide between about 400ºC and 550ºC. 

 
In case of the samples cured at lower temperature, 5ºC, 20ºC and 38ºC, there is initially no 

great difference between both blends, FA and FA/L, as seen from Fig. 1 and Fig. 2 at early 
ages. But at later age, 28 and 88 days, the limestone containing samples seem to be able to 
bind slightly more water. This might be due to the formation of calcium carboaluminates. 
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The samples cured at higher temperature are much more reactive in the beginning, but at 
longer curing times the amount of hydration products is lower than at lower curing 
temperatures (5ºC and 20ºC). 

When comparing the left and right graph in Fig. 1and Fig. 2 it is clear that the reduction in 
the amount of calcium hydroxide is related to the amount of hydration products formed. This 
confirms the consumption of calcium hydroxide during the pozzolanic reaction of FA. The 
lower reduced mass loss of CH (solid water consumption) compared to the mass loss of 
hydration products, indicates that the pozzolanic reactions consumes liquid water in addition 
to what is inherent in CH. This is confirmed by showing that the increase in total mass loss of 
the dried paste increases as a function of time (relative to day 1) in Fig. 3. 

 

 
Fig. 3 : Increase in weight loss between 105ºC and 1100ºC relative to the weight loss at 

day 1. The graph at the left depicts the results for the FA samples cured at different 
temperatures, and in the graph at the right shows the results for the FA/L samples. 

 
In Fig. 4, the first derivatives of the TG curves (DTG-curves) are depicted for FA- and 

FA/L-pastes cured at both 38ºC and 80ºC for 88 days. The weight losses in the temperature 
range 105ºC to about 400ºC are caused by the dehydration of phases such as calcium silicate 
hydrates (C-S-H), calcium aluminate hydrates (C-A-H) and calcium aluminosilicate hydrates 
(C-A-S-H), as mentioned before. The large peak at about 500ºC is related to the dehydration 
of CH. At higher temperatures weight losses are caused by decarbonation of carbonated 
phases or limestone. 
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Fig. 4 : The first derivative of the TGA curves for FA- and FA/L-blends cured for 88 

days at both 38ºC and 80ºC. 
 

Changes in curing temperature result in clear changes in the DTG-graphs. The samples 
cured at 38ºC, both with and without limestone, exhibit a pronounced weight loss peak at 
about 190ºC. This peak is considerably smaller in the samples cured at 80ºC. According to 
Bushnell-Watson and Sharp [6], this peak is due to the dehydration of both C2AH8 and 
C4A H11. As the peaks of both phases overlap, one peak with a shoulder at lower temperature 
is formed.  

The graphs for the pastes cured at 80ºC with and without limestone do not exert any large 
differences, except for the decarbonation peak of the limestone at about 800ºC in the 
limestone containing sample. 

The fact that the peak around 190ºC disappears when the samples are cured at 80ºC instead 
of 38ºC, indicates that the particular phases, C2AH8 and C4A H11, are not stable at the higher 
temperatures such as 80ºC, which is in agreement with Fentiman [7] stating that these phases 
become unstable at 45ºC and 60ºC respectively.  
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4.2 XRD 
Fig. 5 and Fig. 6 depict the X-ray diffraction patterns of both the FA- and FA/L-pastes 

cured at both 20ºC and 80ºC. They clearly confirm the results of the thermal analysis.  
In the samples cured at 20ºC calcium carboaluminate hydrate (C4A H11) has formed. The 

diffraction pattern of the sample containing limestone shows a larger and more defined 
diffraction peak at d  7.57 Å than for the sample without limestone.  

The diffraction patterns of the samples cured at 80ºC, on the other hand, show no sign of 
the calcium carboaluminate phase. Instead a silicon-containing hydrogarnet phase (C3ASH4) 
has formed. Both the samples cured at 80ºC with and without limestone have very similar X-
ray diffraction patterns (with exception of the CaCO3), just like they had similar DTG curves.  

 
Fig. 5 : X-ray diffraction pattern of FA/L (upper) and FA (lower) pastes cured at 

20ºC for 88 days. 

 
Fig. 6 : X-ray diffraction pattern of FA/L (upper) and FA (lower) pastes cured at 

80ºC for 88 days. 
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4.3 Microstructure 
Samples of both FA- and FA/L-pastes cured at 20ºC and 80ºC for 88 days were analyzed 

by SEM equipped with energy dispersive X-ray spectrometer (EDS).  
In the samples cured at 20ºC both with and without limestone, crystalline calcium 

aluminate hydrates were found (Fig. 7 and Fig. 8). Whether or not the hydration phases 
contain carbonates can not be determined by semi-quantitative EDS analysis. The EDS 
analyses however showed an atomic Ca/Al ratio of 1.4 to 1.5. This would comply with the 
presence of hydration phase of the hydrogarnet type. But no such phase was observed in the 
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Fig. 8 : SEM image of the FA-blend cured at 20ºC for 88 days. Left: Plerosphere in 

which crystalline hydration products with atomic ratio Ca/Al = 1.4 have formed. Right: 
Mark of ion beam in hydration products with atomic ratio Ca/Al = 1.4. 

 
In the samples cured at 80ºC no calcium aluminate hydrates were found by SEM/EDS. 

Instead calcium aluminosilicate hydrate was detected as bright phases in Fig. 9, while the 
darker phase is calcium silicate hydrate. 

 

 
Fig. 9 : SEM image of the FA-blend cured at 80ºC for 88 days. Both images show 

bright (calcium aluminosilicate hydrate) and dark hydration phases (calcium silicate 
hydrate).

 

5.  CONCLUSIONS 

− The addition of limestone powder to the alkaline FA-CH blend resulted in a slight 
increase of chemically bound water relative to the amount of FA. 

− Higher curing temperatures (38ºC and 80ºC) initially accelerate the pozzolanic reaction 
of fly ash. But at later age these higher curing temperatures seem to give rise to decrease 
in the amount of chemically bound water compare to lower curing temperatures. 

− During the pozzolanic reaction of FA with CH more water was bound than the water 
inherent in CH. This effect is most pronounced at 20ºC and 38ºC. 
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− XRD analysis confirmed the presence of calcium carboaluminate hydrate (C4A H11) in 
both FA and FA/L blends cured for 28 days at 38ºC. The minor presence in the former 
may be explained by carbonation. In the samples cured at 80ºC for 28 days calcium 
carboaluminates appeared to be unstable and instead a hydrogarnet phase had formed 
(C3ASH4).
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Fly ash-limestone ternary cements: effect of component fineness.  
K. De Weerdt(1), E. J.Sellevold(1,2), K.O. Kjellsen(2,3), H. Justnes(1), 
(1) SINTEF Building and Infrastructure, 7465 Trondheim, Norway 
(2) NTNU, Departement of Structural Engineering, 7465 Trondheim, Norway 
(3) Norcem AS HeidelbergCement Group, 3991 Brevik, Norway 

 
Abstract: 

Composite cements in which the ordinary Portland cement (OPC) is party replaced by limestone 
powder and/or siliceous fly ash (FA) at levels up to 35% have been studied using three different 
finenesses for each material. The aim was to evaluate the influences of fineness and replacement 
level on the development of the compressive strength, the amount of bound water and calcium 
hydroxide and the heat of hydration of the composite cements.  
Replacing up to 10 % of the fine OPC by fine limestone powder does not impair the compressive 
strength. Using 5% fine limestone powder instead of 5% fine FA in a cement containing 35% FA 
resulted, on the other hand, in a considerable strength increase of 13% at 28 days, indicating a 
synergetic effect between limestone powder and fly ash.  
The OPC fineness is the major parameter regarding the early hydration. At 28 days the fineness of 
the fly ash also plays an important role due to its contribution to the pozzolanic reaction. Indeed, 
intensive grinding of the fly ash appears to render the fly ash more reactive. The fineness of the 
limestone powder within the tested range (362 – 812 m2/kg) had no effect on the hydration of the 
OPC and the composite cement. 

1 Introduction 
Due to the rising environmental awareness and diminishing natural resources, there is a growing 
interest in composite cements in which considerable parts of the ordinary Portland cement (OPC) is 
replaced by supplementary cementing materials (SCM) such as slag, fly ash, metakaoline, silica fume 
or limestone powder. Of particular interest are the ternary cements consisting of OPC and a 
combination of two replacement materials. Combining them can make it possible to compensate for 
their individual shortcomings.  
 
In this study we focus on siliceous class F fly ash and limestone powder. High replacement levels of 
clinker by fly ash result in lower early strength due to the slow pozzolanic reaction characteristic for 
siliceous fly ash (Malhotra and Mehta, 2002). Fine limestone powder, on the other hand, might 
accelerate the early hydration of the OPC due to its filler effect (Soroka and Stern, 1976, Soroka and 
Setter, 1977, Bonavetti et al., 2000, Bonavetti et al., 2003). At later age fly ash will contribute to the 
strength development through its pozzolanic reaction, whereas limestone powder is expected to be 
inert.  
 
Another important reason for combining limestone powder and fly ash is an expected synergetic 
interaction between them (De Weerdt and Justnes, 2008). The calcium carbonate from the limestone 
powder is known to interact with the aluminate hydrates formed by hydrating OPC (Kuzel and 
Pöllmann, 1991, Kakali et al., 2000, Bonavetti et al., 2001, Matschei et al., 2007, Lothenbach et al., 
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of OPC. Fly ash can introduce additional aluminates to the system through its pozzolanic reaction, 
causing a decrease in the sulphate:aluminate ratio and thereby amplifying the effect of the limestone 
powder (De Weerdt and Justnes, 2009). 
 
The materials were ground separately, in order to have full control on the fineness of the different 
constituents. It is known that the reactivity of fly ash can be improved by grinding or classification 
(Schiessl and Härdtl, 1989, Payá et al., 1995, Eymael and Cornelissen, 1996, Bouzoubaâ et al., 1997, 
Erdogdu and Türker, 1998, Kiattikomol et al., 2001, Sekulic et al., 2004, Kumar et al., 2007, Justnes et 
al., 2007). A higher fineness of the OPC results also in a higher strength (Frigione and Marra, 1976, 
Schiller and Ellerbrock, 1992, Bentz and Haecker, 1999) and even limestone powder seems to be 
more “reactive” at higher finenesses (Soroka and Setter, 1977, Sato and Beaudoin, 2007). Grinding, 
however, is an energy craving process (Jankovic et al., 2004) and should therefore be limited.  
 
The novelty of this study is the evaluation of the effect of the fineness of the individual components 
and their replacement level on the compressive strength, as also the attempt to assess the hydration 
of the ternary composite cement by determining the amount of bound water and calcium hydroxide, 
and the isothermal heat of hydration.  

2 Materials and experiments 
The materials used in this study are: ordinary Portland clinker, a class F siliceous fly ash (FA), 
limestone powder and natural gypsum. The chemical composition of the clinker, FA and limestone 
powder are given in Table 1. The clinker was interground with 3.7% of natural gypsum. The gypsum 
used contains 0.18% free water, and has a CaSO4·2H2O content of 91.4%. Additional properties of the 
fly ash are reported in (Ben Haha et al., 2010). The CaCO3 content of limestone, determined by 
thermogravimetric analysis (TGA), is about 81%. The limestone powder and the fly ash were ground 
separately. The clinker interground with gypsum will be referred to as ordinary Portland cement 
(OPC). The materials were each ground to three different finenesses in a laboratory ball mill with a 
capacity of 9 kg. It should be noted that the materials develop a different particle size distribution 
(PSD) upon grinding in a laboratory mill than in a full-scale mill (Fredvik, 2005). The specific weight, 
the Blaine specific surface and the PSD of the materials were determined (see Table 2). The Rosin-
Rammler-Sperling-Bennett (RRSB) parameters (Locher, 2005), x’ and n, and the median diameter d50 
are used to facilitate comparison of the PSD’s. AccuPyc helium pycnometer from Micrometrics was 
used to determine the density. The PSD’s of the powders were determined by laser diffraction using 
a Malvern Mastersizer.  
 
The effect of replacing part of the clinker by the different limestone and/or fly ash combinations and 
the effect of the fineness of the different materials on the hydration, was studied using blended 
cements with different compositions. The experimental matrix is shown in Table 3 and can be 
subdivided into eight parts:  
•  mix 1 – 4: fine OPC was replaced by 0, 5, 10 and 15% fine limestone powder 
•  mix 5 – 8: combinations of fine fly ash (FF) and fine limestone (FL) + 65% fine OPC (FOPC) 
•  mix 3, 9 – 11: fineness and type of 10% limestone + 90% fine OPC (FOPC) 
•  mix 7, 12 – 14: fineness and type of 10% limestone + 65% fine OPC (FOPC) + 25% fine fly ash (FF) 
•  mix 1, 15, 16: fineness of 100% OPC 
•  mix 7, 17, 18: fineness of 65% OPC + 25% fine fly ash (FF) + 10% fine limestone (FL) 
•  mix 5, 19, 20: fineness of 35% fly ash + 65% fine OPC (FOPC) 
•  mix 7, 21, 22: fineness of 25% fly ash + 65% fine OPC (FOPC) + 10% fine limestone (FL) 

 
Three mortar prisms of 40×40×160 mm, with water to binder ratio (w/b) of 0.50, were prepared for 
all the tested combinations for each testing age according to EN 196-1. The samples were cured in a 
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saturated Ca(OH)2 solution at 20�C. The compressive strength was tested after 1 and 28 days of 
curing and for some combination also after 3 days. 
 
For all the combinations, cement pastes with w/b of 0.50 were prepared using a Braun MR5550CA 
high shear mixer. The paste was poured into 20 ml cylindrical glass vials and stored under sealed 
conditions at 20ºC. The hydration of the samples was stopped after 1 and 28 days of curing. To stop 
the hydration, the paste samples were crushed fine and immersed in ethanol for about 15 minutes.  
Thermogravimetric analyses (TGA) was performed on the resulting slurries using a Mettler Toledo 
TGA/SDTA851. Samples of about 300 mg were weighed into aluminium oxide crucibles. Prior to the 
analysis the samples were dried under N2-purging in the TG equipment at 40ºC to avoid carbonation 
while monitoring their mass. After drying, the samples were heated from 40ºC to 1,100ºC with a 
heating rate of 10ºC/min, while the oven was purged with N2 at 50ml/min.  
During the thermogravimetric analysis, the weight of the sample is monitored as a function of the 
temperature. The weight loss observed when the sample is heated from room temperature up to 
about 550ºC is due to the release of water from different hydrates and possibly some absorbed 
water. This weight loss will be referred to as the bound water (H). H is measured from 40ºC and not 
from about 100ºC as generally done, as the AFt phases and C-S-H already start to decompose at 
100ºC. Between 400ºC and 550ºC, a sharp weight loss step occurs, due to the decomposition of 
calcium hydroxide (CH). Note that in the same temperature interval also other hydrates can 
decompose, therefore the weight loss due to CH is determined using the tangential method. At 
temperatures above about 550ºC, carbonates decompose and weight losses are registered as the 
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3 Results 

3.1 Isothermal calorimetry 
Four important features of the isothermal calorimetry curves are compared: (1) the start of the 
acceleration period, indicating the acceleration or retardation of the cement hydration; (2) the 
maximum rate of heat generated during the hydration peak (qmax) and the time at which it is 
reached; (3) the cumulative heat generated during the first 24 hours, Q24h (Table 3), corresponding to 
the area under the curve; (4) the shoulder on the hydration peak. The isothermal calorimetric curves 
are plotted per gram OPC to assess the changes in the OPC hydration. 
 
Replacing fine OPC with fine limestone powder (FL) and/or fine fly ash (FF) results in an increase in 
qmax and Q24h per OPC relative to the reference (100% FOPC) (Figure 1 A and B). Limestone powder 
reduces the induction period slightly whereas fly ash increases the induction period. The higher the 
limestone content, the higher is the qmax per OPC and the shorter is the induction period. 
 
Changing the fineness of limestone powder or the type had little effect on the calorimetric curves 
both when replacing 10% of fine OPC (FOPC) and when 10% is combined with 65% fine OPC (FOPC) 
and 25% fine fly ash (FF) (Figure 1 C and D). However, the coarse limestone powder (CL) and 
laboratory grade CaCO3 (P) tended to retard the hydration slightly and reduce the qmax per OPC. 
 
Increasing the fineness of the fly ash, results in an increase of qmax per OPC and a slightly steeper 
slope of the hydration peak during the acceleration period (Figure 1 E and F). For the medium and 
coarse fly ash (MF and CF) the shoulder on the hydration peak appears to be delayed compared to 
the fine fly ash (FF). 
 
The OPC fineness appears to be the most important parameter regarding the heat of hydration 
during the first 24 hours (Figure 1 G and H). The finer the OPC, the faster is the hydration, the higher 
is the maximum (qmax), the broader is the hydration peak and the higher is Q24h. The fly ash and 
limestone powder substitution appear to accelerate the OPC hydration for medium and coarse OPC. 
The “third peak” or shoulder becomes larger relative to the main peak and appears later in time, as 
the OPC becomes coarser.  
 
Replacing part of the OPC with fly ash and/or limestone powder, changes the effective water to OPC 
ratio : replacing 35% of the OPC in a paste with w/c of 0.50 results in an effective water to OPC ratio 
of 0.77. In order to isolate the effect of variations in the effective water to OPC ratio on the heat of 
hydration curves, some additional tests were preformed (see Figure 2).. Increasing the water to OPC 
ratio tends to slightly decrease and delay qmax , the Q24h, however, does not appear to change.  

3.2 TGA  
Replacing up to 15% of the fine OPC with fine limestone powder increases the amount of bound 
water per OPC with increasing limestone powder content at both 1and 28 days (Figure 3 A). The 
calcium hydroxide (CH) content per OPC on the other hand tends to decrease when 5% of the OPC is 
replaced with limestone powder, but increases again when more limestone powder is included (10 
and 15%). 
 
Replacing 35% of fine OPC with different combinations of fine fly ash (FF) and fine limestone powder 
(FL) increases the amount of bound water and CH per OPC relative to the reference (100% FOPC) at 1 
day regardless the combination (Figure 3 B). After 28 days, the amount of bound water per OPC is 
considerably higher than the reference for all tested combinations. It increases with increasing 
limestone content. While the CH content is lower than in the reference for the all combinations. A 
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clear decrease is observed when 5% of the fly ash is replaced with limestone powder. It increases 
again when more limestone powder is included. 
 
Changing the fineness of the limestone powder does not influence the amount of bound water and 
CH after 1 and 28 days of hydration per OPC both when replacing 10% of fine OPC (FOPC) and when 
10% is combined with 65% fine OPC (Figure 3 C) and 25% fine fly ash (Figure 3 D). The CaCO3 
increases the amount of bound water and CH at 1 day for fly ash containing composite cements, the 
reason for this is not clear. The effect disappears after 28 days.  
 
The fineness of the fly ash did not influence the amount of bound water both at 1 and 28 days both 
for the fly ash blended cements (Figure 3 E) and the composite cements (Figure 3 F). The amount of 
CH on the other hand decreased considerably for the fine fly ash (FF) compared to the medium and 
coarse fly ash (MF and CF). 
 
The fineness of the OPC did not change the CH content and the amount of bound water (H) after 1 
and 28 days when tested without replacements (Figure 3 G). In combination with 25% fine fly ash 
and 10% fine limestone powder (Figure 3 H), a slightly decreasing trend can be observed in the 
amount of bound water with decreasing OPC fineness at 1 day. The CH content decreases as well 
except for the composite cement containing coarse OPC (COPC). This inconsistency between the 
amount of bound water and CH can not be explained at the moment. After 28 days the amount of CH 
and amount of bound water seems to be independent of the OPC fineness, except for the CH content 
in the composite cement containing fine OPC (FOPC), which is considerably lower compared to the 
others, again not readily explainable.  

3.3 Strength  
Up to 10% of fine OPC (FOPC) can be replaced with fine limestone powder (FL) without impairing the 
compressive strength, both at 1 and 28 days (Figure 4 A).  
 
When replacing 35% of the fine OPC (FOPC) with different combinations of fine fly ash (FF) and fine 
limestone powder (FL) (see Figure 4 B), the compressive strength increases slightly with increasing 
limestone powder content after 1 day of curing. The tested composite cements containing both 
limestone powder and fly ash have higher strength than the blended cement containing only fly ash 
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4 Discussion 
Limestone powder and fly ash both exert a filler effect on the OPC as they increase qmax, Q24h, the 
amount of bound water and the CH content relative to the OPC content after 24 hours of hydration. 
This filler effect is generally attributed to the additional surface supplied by the powder replacing the 
OPC, serving as extra precipitation sites for hydration products of the OPC, and the increase of the 
effective water OPC ratio that accelerate the hydration reaction of the OPC (Ramachandran, 1988, 
Péra et al., 1999, Zhang and Zhang, 2008). The later does not appear to have a great impact in the 
tested water to OPC range as can be seen from Figure 2.  
 
Fly ash and limestone powder however influence the OPC hydration in different ways. Limestone 
powder increases the maximum rate of heat per OPC (qmax) more than fly ash, and accelerates the 
OPC hydration whereas fly ash retards it. This results in a slightly higher compressive strength after 1 
day when limestone powder is used instead of fly ash. These superior properties of limestone 
powder at early age have also been observed by others (Lagerblad and Kjellsen, 1996, Soroka and 
Stern, 1976).  
 
By replacing part of the OPC with limestone or fly ash, the content of the main reactive component in 
the cement, namely the clinker, is reduced. This is known as the dilution effect. The filler effect of 
neither fly ash nor limestone powder is able to compensate for the dilution effect, as the reference 
(100% fine OPC) has the highest Q24h of all tested combinations (per g of binder) and the highest 
compressive strength after 1 day (see Table 3).  
 
However it should be noted that up to 10% of the fine OPC can be replaced with fine limestone 
powder without impairing the 1 and 28 day compressive strength. This is in agreement with the 
results of other studies (Soroka and Stern, 1976, Tsivilis et al., 1999). The TGA-results at 28 days of 
these combinations show some remarkable trends: replacing 5% of the OPC with limestone powder 
results in an increased amount of bound water per OPC, but a reduction in the amount of CH per 
OPC. One would expect the amount of CH to increase as the amount of bound water increases, 
assuming the hydration products remain the same (e.g. the hydration of the main clinker mineral 
alite (C3S): C3S + 2.3 H 1.7SH + 1.3 CH). A decrease in the amount of CH and a corresponding 
increase of bound water indicates a change in the nature of the hydration products formed. In the 
absence of calcium carbonate, ettringite will react with the remaining aluminate and form calcium 
monosulphoaluminate hydrate (monosulphate), as the sulphate is depleted (Equation 3).  
 
2 C3A + C3A·3CaSO4·32H2O + 4 H2O 3A·CaSO4·12H2O     (3) 
 
However, in the presence of calcium carbonate, the main constituent of limestone powder, 
monosulphate is unstable and instead calcium mono- or hemicarboaluminate hydrates are formed.  
 
C3A + CaCO3 + 11 H2O 3A·CaCO3·11H2O        (4) 
C3A + 0.5 CaCO3 + 0.5 Ca(OH)2 + 12 H2O 3A·0.5CaCO3·0.5Ca(OH)2·12H2O    (5) 
 
In other words, the formation of hemicarboaluminate hydrate consumes CH, and this might explain 
the observed reduction in CH/OPC (Kakali et al., 2000, Bonavetti et al., 2001, Hoshino et al., 2006) 
(equation (5)).  
 
From equation (3) it can be seen that ettringite is more water rich and therefore also more 
voluminous relative to the aluminate content than monosulphate. Stabilising the ettringite and 
preventing decomposition to monosulphate, upon sulphate depletion, will therefore lead to an 
increase in the total volume of the hydration products which might result in a reduction of the 
porosity and an improved compressive strength. 
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At higher limestone powder levels, the amount of CH per OPC increases again. This might be due to 
two reasons: first, at higher replacement levels the filler effect is greater and more CH is produced by 
promoting the clinker hydration than consumed by the formation of hemicarboaluminate, and 
secondly, monocarboaluminate, which does not consume CH, might have formed instead of 
hemicarboaluminate due to the higher limestone content and the lower aluminate content (OPC 
dilution).  
 
A similar effect was observed for composite cements containing 65% fine OPC and 35% of a 
combination of fine fly ash and/or fine limestone powder. The composite cement containing 35% fly 
ash and no limestone powder had a higher CH content than the one with 30% fly ash and 5% 
limestone powder. One would expect that more CH is consumed when more fly ash is present. The 
explanation for this is similar to the one for minor additions of limestone powder to OPC, as 
mentioned earlier. The decrease in CH when 5% fly ash is replaced with 5% limestone powder could 
be due to the formation of hemicarboaluminate hydrate which consumes CH. The chemical 
interaction between the limestone powder and the aluminates phases (AFm and AFt) will be more 
important in the fly ash containing cements as fly ash will liberate additional aluminates during its 
pozzolanic reaction. This proposed synergetic effect between fly ash and limestone powder is 
supported by compressive strength results: replacing 5% of OPC with limestone resulted only in a 2% 
strength increase; whereas replacing 5% of fly ash with limestone in a fly ash blended cement (35% 
fly ash) resulted in a strength increase of 13%. Moreover, the composite cements (65% FOPC+25% fly 
ash+10% FL) have about 8% higher compressive strength than the fly ash blended cements (65% 
FOPC+35% fly ash) regardless the fly ash fineness. 
 
The fineness of the limestone powder does not seem play any important role. Previous research has 
concluded the opposite (Sato and Beaudoin, 2007, Lagerblad and Kjellsen, 1996). It might be that the 
tested range of fineness (362 – 812 m2/kg) was to narrow to see any effect. The purity of the 
limestone powder, tested by comparing it with laboratory grade CaCO3, did not seem to influence 
the tested parameters either, except for the anomalous TGA results at 1day.  
 
The fineness of the fly ash appeared to be more important. During the first day of hydration, a slight 
difference can be observed as the coarse and medium fly ash tend to retard the hardening slightly 
(decrease the slope of the hydration curve) and delays the shoulder on the hydration peak compared 
to the fine fly ash (FF), as also observed by (Kumar et al., 2007). After 28 days of hydration the 
difference between the different fly ash finenesses is clearer. The fly ash consumes CH during its 
pozzolanic reaction and the CH content per OPC for all composite cements containing fine fly ash 
(FF), is lower than for the corresponding combinations containing medium and coarse fly ash (MF 
and CF), indicating that the reaction of the fine ground fly ash is faster than the others, as expected.  
When combining the TGA and compressive strength results of the fly ash blended cements (65% 
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day, the relative strength gain is greater than at 28 days. From the TGA results, however, the effects 
of OPC fineness are smaller and less consistent as discussed already.  
 
The correlations between the different tested parameters: compressive strength, heat of hydration 
and bound water after 1 day of hydration are depicted in Figure 5 and Figure 6. The parameters 
appear to correlate well at 1 day. After 28 days (see Figure 7) the correlation between strength and 
the amount of bound water changes for the blends containing FA (indicated by an ellipse) due to 
formation of the pozzolanic reaction products as mentioned before.  

5 Conclusions 
Limestone powder and fly ash both display a filler effect when they replace OPC in a 1:1 ratio, but 
they influence the OPC hydration in different ways. Limestone powder accelerates the OPC hydration 
whereas fly ash retards it. This results in a slightly higher compressive strength after 1 day when 
limestone powder compared to fly ash. The filler effect of neither fly ash nor limestone powder 
appears to be able to compensate for the dilution effect. However up to 10% of the fine OPC can be 
replaced by fine limestone without impairing the compressive strength after 1 and 28 days. A 
decrease in the amount of CH and a corresponding increase of bound water indicate a change in the 
nature hydration products formed, namely calcium mono- or hemicarboaluminate hydrates are 
formed instead of calcium monosulphoaluminate. This is suggested to cause the observed 
compressive strength increase.  
 
A similar but stronger effect was observed when replacing 5% of the fly ash with limestone powder in 
a composite cement containing 65% fine OPC and 35% fly ash. A 5% limestone replacement in OPC 
cement resulted only in a 2% strength increase whereas for fly ash blended cement (35% fly ash 
versus 30% fly ash and 5% limestone) it resulted in a strength increase of 13%. This synergetic effect 
between fly ash and limestone powder is believed to be due to the additional aluminates provided by 
the fly ash during its pozzolanic reaction which amplify the chemical interaction between the 
limestone powder and the aluminate phases (AFm and AFt).  
The fineness of the limestone powder in the tested range (362 – 812 m2/kg) does not seem play an 
important role.  
The fineness of the OPC is the most important parameter during the early stage of hydration.  
The fineness of the fly ash becomes important at 28 days as fine grinding accelerates the pozzolanic 
reaction of the fly ash.  
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Table 1: Chemical composition of the clinker, fly ash and limestone in % 

 Clinker Fly ash Limestone 
SiO2 20.8 50.0 12.8 
Al2O3 5.6 23.9 2.7 
Fe2O3 3.2 6.0 2.0 
CaO 63.0 6.3 42.3 
MgO 3.0 2.1 1.8 
SO3 1.5 0.4 - 
P2O5 0.1 1.1 - 
K2O 1.3 1.4 0.6 
Na2O 0.5 0.6 0.5 
Na2O 
Eq. 1.4 1.6  

LOI 0.3 3.6 37.7 
Carbon - 3.1 - 
Chloride  0.05 - - 
Free 
CaO 1.9 - - 

 
 

Table 2: Different materials used, their short notation, grinding time, Blaine specific surface, 
specific density, RRSB parameters (x’,n) and the median diameter (d50). 

    Short 
notation 

Grinding 
time  

Blaine 
surface

Density x' n d50

    [minutes] [m2/kg] [kg/dm3] [μm] [μm]
OPC fine  FOPC 180 557 3.15 9 1.1 7
 medium MOPC 100 453 3.15 16 1.0 11
 coarse COPC 55 358 3.15 20 1.0 16
limestone fine  FL 90 812 2.74 11 0.9 4
 medium ML 30 658 2.74 14 1.0 7
 coarse CL 0 362 2.74 28 1.0 18
fly ash fine  FF 120 675 2.6 8 1.6 6
 medium MF 15 449 2.49 18 1.3 14
 coarse CF 0 357 2.34 28 1.1 18
CaCO3   P - - 2.71 - - -
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Figure 1: Isothermal calorimetric curves for cement paste expressed per g OPC, varying (A) OPC 
replacement level with limestone; (B) different combinations of fine limestone and fine fly ash 
replacing 35% of OPC; (C) and (D) limestone fineness; (E) and (F) fly ash fineness; (G) and (H) OPC 
fineness. 
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Figure 3: The amount of bound water (H) and calcium hydroxide (CH) per OPC after 1 day (dark) 
and 28 days (bright) for (A) OPC replacement level with limestone; (B) different combinations of 
fine limestone and fine fly ash replacing 35% of OPC; (C) and (D) varying limestone fineness; (E) and 
(F) fly ash fineness; (G) and (H) OPC fineness. 
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Figure 4: Compressive strength ( ) after 1, 3 and 28 days (from bright to dark) for (A) OPC 
replacement level with limestone; (B) different combinations of fine limestone and fine fly ash 
replacing 35% of OPC; (C) and (D) varying limestone fineness; (E) and (F) fly ash fineness; (G) and 
(H) OPC fineness. 
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Figure 5: Correlation between the cumulative heat (Q24h) and the compressive strength ( )
after 1 day.

Figure 6: Correlation between the amount of bound water (H) and the compressive
strength after 1 day not taking into account the bright points (mix 14 and mix 15).

Figure 7: Correlation between the amount of bound water (H) and the compressive
strength after 1 day (bright) and 28 days (dark); the spheres represent the fly ash
containing blends and the triangles the blends containing OPC and limestone.
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1 INTRODUCTION 
 
During cement production large amounts of CO2 are emitted. In 2000, about 0.87 ton CO2 per 
ton clinker was emitted on average, about 40% coming from fuel combustion, grinding and 
other operations, and 60% from the de-carbonation of limestone to form the clinker phases [1]. 
In order to reduce these emissions, cement factories have switched over to larger fractions of 
alternative fuels, optimized energy consumption (e.g. regeneration of heat, optimized the clinker 
with mineralisers, etc) [2]. 
 
The fact that, in the future, emitting CO2 will come at a price, gives the cement producers a new 
incentive to reduce the emissions even more. One way of doing that on a short term is by 
replacing part of the clinker with other materials such as slag, limestone powder, fly ash, silica 
fume, natural pozzolans etc [3]. The type of replacement materials used depends on their 
availability (amount available, price, transportation …) and is therefore dependent on the 
geographical location of the cement plant.  
 
The aim of this study is to contribute to the development of a novel all-round Portland 
composite cement for the Norwegian market. Currently the cements produced at the Norwegian 
cement plants are: CEM I [4] Portland cements containing up to 5% limestone powder and CEM 
II/A-V [4] Portland fly ash cements containing up to 20% fly ash but no limestone powder. In 
this study, the effect of increasing the replacement levels of the ordinary Portland cement (OPC) 
(up to 35%), and combining fly ash and limestone powder to replace OPC are investigated. 
 
Limestone powder is known to accelerate the hydration of cement, especially the C3S phase, by 
acting as nucleation surface for portlandite and CSH precipitation [5-7]. The accelerating effect 
can give rise to a slightly higher compressive strength at early age at moderate OPC 
replacements (<10%). At later age, replacing part of the OPC with limestone powder may result 
in a strength reduction, due to the replacement of the more reactive component, OPC, with less 
or non reactive one [8]. This effect is referred to as the dilution effect. Besides this physical 
effect, the calcium carbonate of the limestone powder is also known to interact with the 
aluminate phases of OPC [7, 9-13]. In the presence of small amounts of limestone powder, 
monosulphoaluminate hydrate is replaced by mono- or hemicarboaluminate hydrate and more 
ettringite. Due to this change in hydration products the volume of the hydration products formed 
can increase slightly [12-14]. This can in its turn lead to a slight increase in strength and a 
decrease in permeability. The effect is however limited due to the small amount of aluminate 
present in the OPC. 
 
ASTM Class F fly ash [15] is a slow reacting pozzolan. It can take up to several weeks before it 
starts to react significantly at 20°C. The fly ash will not react noticeably during the so-called 
“incubation period” the length of which is believed to depend mainly on the alkalinity of the 
pore water [16, 17] and therefore also on the type of cement used [18]. Fly ash reduces early 
strength due to the dilution effect. However, it can contribute to a higher long-term strength, due 
to its pozzolanic reaction. 
 
When combining limestone powder and fly ash, a synergetic effect between the two is expected 
to take place. Fly ash is an aluminate rich pozzolan, as it reacts it will introduce additional 
aluminates to the system, thereby decreasing the SO3/Al2O3 ratio and amplifying the impact of 
the limestone powder on the hydration products. The increase of bound water and compressive 
strength gain resulting from a minor limestone powder addition is therefore is expected to be 
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greater for fly ash containing cements than for OPC. This was first postulated in the COIN 
application in 2005 (www.coinweb.no). The goal of the study is to validate this postulate 
concerning the synergetic effect between limestone powder and fly ash. 
 
A preliminary study on fly ash-limestone-calcium hydroxide-alkaline solution [19]: showed a 
clear interaction between fly ash and limestone powder. More water was bound relative to the 
fly ash content and the hydration products formed were proven to contain calcium 
carboaluminate hydrate.  
 
In literature many studies can be found on composite cements containing limestone powder and 
slag [20, 21], limestone powder and natural pozzolans [22] and even limestone powder and fly 
ash [23-26] have been investigated. However, these studies focused on heat of hydration, 
strength and durability, whereas the chemical interaction between the different components was 
not studied [24]. An exception is Hoshino at al. [27] who studied the addition of limestone 
powder to slag cements and linked the changes in the hydration phases observed by XRD with 
the increase in compressive strength. To the author’s knowledge, the hydration mechanisms of 
composite cements containing both limestone powder and fly ash have not been fully 
investigated yet.  
 
2 EXPERIMENTAL 

2.1 Materials 
 

The materials used in this project were: CEM I clinker, siliceous fly ash, limestone powder and 
natural gypsum. The composition of clinker, fly ash and limestone used as well as their density 
and specific surface are listed in Table 1. Table 2 gives the mineral composition of the clinker 
determined by Rietveld analysis. The clinker was interground with 3.7% of gypsum to form 
OPC, so that the total SO3 content would be about 3% including the sulphates of the clinker. 
The gypsum contained 0.18% free water, and had a CaSO4·2H2O content of 91.39%. The 
particle size distribution of the different materials was determined with a Mastersizer from 
Malvern. The results are shown in Figure 1. 
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Table 1:  Chemical composition, density and Blaine specific surface of the clinker, fly ash and 
limestone powder 

 Clinker Fly ash Limestone 
SiO2 20.8 50.0 12.9 
Al2O3 5.6 23.9 2.7 
Fe2O3 3.2 6.0 2.0 
CaO 63.0 6.3 42.3 
MgO 3.0 2.1 1.8 
SO3 1.5 0.4 - 
P2O5 0.1 1.1 - 
K2O 1.3 1.4 0.6 
Na2O 0.5 0.6 0.5 
Na2O Eq. 1.4 1.6  
LOI 0.3 3.6 37.7 
Carbon - 3.1 - 
Chloride  0.05 - - 
Free CaO 1.9 - - 
Density [kg/m3] 3150* 2740 2490 
Blaine specific surface [m2/kg] 500* 470 810 

* for OPC = clinker + gypsum 
 
 

Table 2:  Mineral composition of the clinker determined by Rietveld analysis  

Minerals % 
C2S 19 
C3S 54 
C3A 11 
C4AF 8 

 
 

 
Figure 1: The particle size distribution of the materials used in this study determined by laser 

diffraction.  
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2.2 Testing 
 

Table 3 shows the different composite cements which were tested. The experimental matrix can 
be divided into three main groups, together with the reference (mix 1). In the first group, OPC is 
gradually replaced by limestone powder, starting at 5% up to 35% in steps of 5% (mix 2 to mix 
8). In the second group OPC is similarly replaced with fly ash (mix 9 to mix 15). In the third 
group different limestone powder and fly ash combinations were tested (mix 16 – mix 21) at a 
constant OPC replacement level of 35%, which is the potential replacement level for future 
commercial cements produced in Norway.  
 

Table 3:  Composite cement combinations tested (replacement by mass) 

mix OPC fly ash limestone 
1 100 / 0 
2 95 / 5 
3 90 / 10 
4 85 / 15 
5 80 / 20 
6 75 / 25 
7 70 / 30 
8 65 / 35 
9 95 5 / 
10 90 10 / 
11 85 15 / 
12 80 20 / 
13 75 25 / 
14 70 30 / 
15 65 35 / 
16 65 30 5 
17 65 25 10 
18 65 20 15 
19 65 15 20 
20 65 10 25 
21 65 5 30 

 
The replacements are done by mass as this is most relevant for cement production. The aim of 
the study is to develop an all-round Portland composite cement which will be used at fixed w/c 
ratio’s. Furthermore, additional tests showed little difference in compressive and flexural 
strength when OPC was replaced with crystalline quartz (considered inert material) either by 
mass or by volume (see Figure 2).  
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Figure 2: Comparison of the effect of replacement by mass and by volume on 28 day 
compressive and flexural strength results for two different combinations of OPC and crystalline 
quartz, Q (density 2700kg/m3). 
 
Three mortar prisms of 40×40×160 mm were prepared for all the tested combinations according 
to NS-EN 196-1 (water-to-powder ratio 0.50, powder : sand = 1:3). The flexural and 
compressive strength was determined after 28 days of curing submerged in saturated lime water. 
 
The volume of air voids in the mortars was determined according to [28]. The mortar samples 
are first dried in an oven at 105ºC for 1 week. Then their dry mass is determined. After this the 
samples are submerged in water for a week. When weighing the samples after this, the amount 
of water taken up due to capillary suction can be determined. During the last step of the 
procedure the samples are put into a pressure tank at 50 MPa for 2 days. From the mass of the 
samples weighed immediately after removing them from the pressure tank, one can calculate the 
volume of air voids in the samples assuming that the air voids fill under pressure, but can not fill 
by capillary suction due to their large radius. 
 
The volume of air voids of the mortar samples was determined in order to take into account their 
effect on the compressive strength. The rule of thumb applied, is that a 1% increase in air void 
volume will lead to a 5% decrease in compressive strength [29]. The results were corrected 
relative to the average air porosity. 
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approximately constant weight was reached. This is however not a defined equilibrium 
condition. One might prefer to dry the samples at a certain RH until equilibrium is reached, but 
this might lead to carbonation during the handling the samples. By drying the samples in the 
TGA apparatus, carbonation could be limited to a minimum.  
 
After this the samples were heated from 40ºC to 1,100ºC at a heating rate of 10ºC/min. During 
the analysis the oven was purged with N2 at 50ml/min.  
 
During a thermogravimetric analysis (TGA), the weight of the sample is monitored as a function 
of the temperature. The weight loss observed when the sample is heated from room temperature 
up to about 600ºC is due to the release of water bound in hydrates (H). Between 450ºC and 
550ºC, a sharp weight loss step occurs. This is due to the decomposition of calcium hydroxide 
(CH). At temperatures above 600ºC carbonates decompose and weight losses are registered as 
the sample releases CO2. The carbonates can originate from limestone powder if the sample 
contained limestone, any dehydrated calcium carboaluminate hydrate formed and/or carbonates 
which could have formed due to carbonation of the sample. 
 
The weight losses were determined in two different temperature intervals. The weight loss due 
to the decomposition of CH, ranging from about 450ºC to 550ºC, and the weight loss 
corresponding to the release of bound water (H), measured between 50°C and about 550-600°C. 
The start and ending of each temperature interval is determined for each sample based on the 
DTG-curve.  
 
The standard deviation for the thermogravimetric measurements are 0.3% for the H 
measurements and 0.05% for the CH measurements. This data is based on the results of three 
independent experiments. 
 
The weight losses are expressed as a % of the “dry sample mass” or OPC content. The “dry 
sample mass” is the weight at 600°C. 
 
For some mixes of particular interest small amounts were dried gently over CaCl2 in order to 
analyse them with an AXS D8 focus X-ray diffractometer. The 
source and a 0.2 mm slit was used. An angular scan was performed for diffraction angles 

XRD-spectra give a qualitative idea of the crystalline hydration products formed, not a 
quantitative. The spectra are given as a function of the characteristic lattice distance, d. 
 
 
3 RESULTS AND DISCUSSION 
 
In Table 4 the compressive and flexural strength, the air porosity and the corrected compressive 
strength for all tested combinations are given. One can see that fly ash containing cements have 
a tendency to lower the air content in the mortars. For limestone powder the opposite seems to 
be the case. This might be due to the effect of these materials on the compactibility of the 
mortars. Round fly ash particles are known to improve workability and fine limestone powder is 
known to stabilize and thicken mortars and concretes. By correcting the compressive strength 
for the air voids, the strength of the fly ash containing mixes is slightly reduced and the 
limestone containing blends is slightly increased. The trends observed in the results however do 
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not change whether or not the compressive strength is correct for the air content. For the 
following discussion the not-corrected results will be used. 
 

Table 4:  The mean value and standard deviation of the compressive and flexural strength, the 
air porosity and the corrected compressive strength for all tested combinations after 
28 days of curing at 20°C. 

mix C   F   L   flexural compressive air porosity compressive 
                difference corrected 
  [%]           [MPa] [MPa]   [%]     [%] [MPa] 

1 100  0  0  7.1 ± 0.3 48.3 ± 0.7 2.6 ± 0.2 3.4 49.9 
2 95  0  5  7.7 ± 0.1 49.7 ± 0.3 2.7 ± 0.0 4.1 51.8 
3 90  0  10  7.7 ± 0.3 48.8 ± 0.4 2.4 ± 0.1 2.5 50.0 
4 85  0  15  7.8 ± 0.2 48.1 ± 0.4 2.2 ± 0.2 1.7 48.9 
5 80  0  20  7.3 ± 0.1 46.1 ± 0.3 2.1 ± 0.1 0.8 46.5 
6 75  0  25  6.8 ± 0.2 42.9 ± 0.3 2.6 ± 0.1 3.4 44.3 
7 70  0  30  7.1 ± 0.2 40.7 ± 0.4 2.4 ± 0.1 2.6 41.7 
8 65  0  35  6.6 ± 0.2 37.6 ± 0.4 2.5 ± 0.1 2.8 38.6 
9 95  5  0  8.0 ± 0.1 49.7 ± 0.8 1.8 ± 0.2 -0.3 49.6 

10 90  10  0  7.9 ± 0.2 49.2 ± 1.0 1.5 ± 0.1 -2.3 48.1 
11 85  15  0  7.8 ± 0.3 46.5 ± 0.6 1.4 ± 0.1 -2.4 45.3 
12 80  20  0  7.6 ± 0.2 45.2 ± 0.4 1.4 ± 0.1 -2.4 44.1 
13 75  25  0  7.1 ± 0.5 42.9 ± 1.0 1.4 ± 0.1 -2.4 41.8 
14 70  30  0  7.0 ± 0.3 41.2 ± 1.0 1.5 ± 0.2 -1.9 40.4 
15 65  35  0  6.2 ± 0.4 38.8 ± 0.7 1.4 ± 0.1 -2.7 37.8 
16 65  30  5  7.3 ± 0.1 42.4 ± 0.7 1.6 ± 0.1 -1.3 41.8 
17 65  25  10  7.3 ± 0.2 41.3 ± 0.5 1.6 ± 0.0 -1.4 40.7 
18 65  20  15  7.3 ± 0.2 40.7 ± 0.4 1.7 ± 0.0 -1.1 40.3 
19 65  15  20  6.6 ± 0.2 39.9 ± 0.5 1.6 ± 0.1 -1.6 39.2 
20 65  10  25  6.8 ± 0.2 39.2 ± 0.4 1.8 ± 0.0 -0.7 39.0 
21 65   5   30   6.3 ± 0.1 38.2 ± 0.4 1.8 ± 0.1 -0.6 38.0 

 
In Figure 3 the compressive strength of cements containing different amounts of either fly ash or 
limestone powder are given. It can be seen that part of the OPC can be replaced with limestone 
powder without impairing the compressive strength after 28 days of hydration (up to 15%). 
Replacing 5% of the OPC by limestone even increases the compressive strength. A similar 
effect is observed for the fly ash. This might partly be due to better compaction properties of the 
mortars contain fly ash as the strength increase disappears when the strength is corrected for the 
air content. It seems as if fly ash has not reacted that much since the compressive strength of the 
mortars containing fly ash is similar to the ones containing limestone powder.  
 
The flexural strengths of cements containing different amounts of either fly ash or limestone 
powder are given in Figure 4. The relative standard deviations of the results are large, up to 7%. 
Even so it can be seen that replacing part of the OPC with limestone powder or fly ash improves 
the flexural strength up to replacement levels of about 20%.   
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air content. It seems as if fly ash has not reacted that much since the compressive strength of the 
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not change whether or not the compressive strength is correct for the air content. For the 
following discussion the not-corrected results will be used. 
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Figure 3:  The 28 day compressive strength not-corrected for the air content for cements in 

which OPC is replaced by fly ash and limestone powder up to 35%. 

 
Figure 4:  The 28 day flexural strength for cements in which OPC is replaced by fly ash and 

limestone powder up to 35%. 
 
Figure 5 shows the compressive strength of composite cements in which 35% of the OPC is 
replaced by different combinations of fly ash and limestone powder. A significant compressive 
strength increase can be observed when instead of 35% fly ash, a combination of 5% limestone 
and 30% fly ash is used. This strength increase is about 4 MPa, which is approximately a 10% 
increase in compressive strength. This indicates that the postulated chemical synergic effect 
between fly ash and limestone plays a significant role. This beneficial effect on the compressive 
strength decreases with further increasing limestone powder content. In the corresponding 
flexural strength results a similar trend can be observed (see Figure 6). 

30

35

40

45

50

55

0 5 10 15 20 25 30 35

FA or L

co
m

pr
es

si
ve

 s
tre

ng
th

 2
8 

da
y 

[M
Pa

]

FA L

5.0

5.5

6.0

6.5

7.0

7.5

8.0

8.5

0 5 10 15 20 25 30 35

FA or L

fle
xu

ra
l s

tre
ng

th
 2

8 
da

y 
[M

Pa
]

FA L

 59 

 
Figure 3:  The 28 day compressive strength not-corrected for the air content for cements in 

which OPC is replaced by fly ash and limestone powder up to 35%. 

 
Figure 4:  The 28 day flexural strength for cements in which OPC is replaced by fly ash and 

limestone powder up to 35%. 
 
Figure 5 shows the compressive strength of composite cements in which 35% of the OPC is 
replaced by different combinations of fly ash and limestone powder. A significant compressive 
strength increase can be observed when instead of 35% fly ash, a combination of 5% limestone 
and 30% fly ash is used. This strength increase is about 4 MPa, which is approximately a 10% 
increase in compressive strength. This indicates that the postulated chemical synergic effect 
between fly ash and limestone plays a significant role. This beneficial effect on the compressive 
strength decreases with further increasing limestone powder content. In the corresponding 
flexural strength results a similar trend can be observed (see Figure 6). 

30

35

40

45

50

55

0 5 10 15 20 25 30 35

FA or L

co
m

pr
es

si
ve

 s
tre

ng
th

 2
8 

da
y 

[M
Pa

]

FA L

5.0

5.5

6.0

6.5

7.0

7.5

8.0

8.5

0 5 10 15 20 25 30 35

FA or L

fle
xu

ra
l s

tre
ng

th
 2

8 
da

y 
[M

Pa
]

FA L

 59 

 
Figure 3:  The 28 day compressive strength not-corrected for the air content for cements in 

which OPC is replaced by fly ash and limestone powder up to 35%. 

 
Figure 4:  The 28 day flexural strength for cements in which OPC is replaced by fly ash and 

limestone powder up to 35%. 
 
Figure 5 shows the compressive strength of composite cements in which 35% of the OPC is 
replaced by different combinations of fly ash and limestone powder. A significant compressive 
strength increase can be observed when instead of 35% fly ash, a combination of 5% limestone 
and 30% fly ash is used. This strength increase is about 4 MPa, which is approximately a 10% 
increase in compressive strength. This indicates that the postulated chemical synergic effect 
between fly ash and limestone plays a significant role. This beneficial effect on the compressive 
strength decreases with further increasing limestone powder content. In the corresponding 
flexural strength results a similar trend can be observed (see Figure 6). 

30

35

40

45

50

55

0 5 10 15 20 25 30 35

FA or L

co
m

pr
es

si
ve

 s
tre

ng
th

 2
8 

da
y 

[M
Pa

]

FA L

5.0

5.5

6.0

6.5

7.0

7.5

8.0

8.5

0 5 10 15 20 25 30 35

FA or L

fle
xu

ra
l s

tre
ng

th
 2

8 
da

y 
[M

Pa
]

FA L

 59 

 
Figure 3:  The 28 day compressive strength not-corrected for the air content for cements in 

which OPC is replaced by fly ash and limestone powder up to 35%. 

 
Figure 4:  The 28 day flexural strength for cements in which OPC is replaced by fly ash and 

limestone powder up to 35%. 
 
Figure 5 shows the compressive strength of composite cements in which 35% of the OPC is 
replaced by different combinations of fly ash and limestone powder. A significant compressive 
strength increase can be observed when instead of 35% fly ash, a combination of 5% limestone 
and 30% fly ash is used. This strength increase is about 4 MPa, which is approximately a 10% 
increase in compressive strength. This indicates that the postulated chemical synergic effect 
between fly ash and limestone plays a significant role. This beneficial effect on the compressive 
strength decreases with further increasing limestone powder content. In the corresponding 
flexural strength results a similar trend can be observed (see Figure 6). 

30

35

40

45

50

55

0 5 10 15 20 25 30 35

FA or L

co
m

pr
es

si
ve

 s
tre

ng
th

 2
8 

da
y 

[M
Pa

]

FA L

5.0

5.5

6.0

6.5

7.0

7.5

8.0

8.5

0 5 10 15 20 25 30 35

FA or L

fle
xu

ra
l s

tre
ng

th
 2

8 
da

y 
[M

Pa
]

FA L



 60 

 
Figure 5:  The 28 day compressive strength for composite cements containing 65% OPC and 

different combination of fly ash and limestone powder. 

 
Figure 6:  The 28 day flexural strength for composite cements containing 65% OPC and 

different combination of fly ash and limestone powder. 
The compressive strength results of the cements with only fly ash are compared with those of 
the composite cements containing different combinations of fly ash and limestone powder in 
Figure 7.  
 
The fly ash curve with filled squares (FA) represents the compressive strength results for 
cements in which the OPC is replaced only by fly ash. The replacement levels go from 0% in the 
left of the graph to 35% in the right side in steps of 5%. The dotted with black diamonds (FA+L) 
represents cements containing 65%OPC and 35% of different combination of fly ash and 
limestone.  
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An interesting result is the fact that cement containing 30% fly ash and 70% OPC has a slightly 
lower compressive strength after 28 days than a cement containing 30% fly ash, 5% limestone 
and 65% OPC. This means that in this case replacing 5% of the OPC with 5% limestone powder 
results in a slightly higher compressive strength after 28 days. This result shows that the cement 
producers could burn 5% less clinker and instead add limestone powder. This is both 
economically and environmentally beneficial, as less energy is needed and less CO2 will be 
emitted.  

 
Figure 7:  Comparing the 28 day compressive strength of the composite cements with different 

combination of fly ash and limestone powder and 65% OPC (lower abscissa), and 
the cements in which OPC is gradually replaced by fly ash (upper abscissa). 
Different abscissae were used to be able to compare cements with different OPC 
content and evaluate whether part of the OPC can be replaced by limestone powder 
without impairing the strength. 

 
In Figure 8 the compressive strength results are compared with the thermogravimetric (TG) 
results for different replacement levels of OPC with limestone powder. 
 
The decrease in calcium hydroxide per dry content, when the OPC is increasingly replaced by 
limestone powder, is due to the dilution effect. OPC is the major reactive component, and as the 
amount of OPC decreases in the sample the amount of reaction products, such as CSH and CH, 
will also decrease.  
 
More interesting is the observation that the amount of CH per OPC content decreases slightly 
when 5% and even 10% of OPC is replaced by limestone powder. Due to the filler effect of the 
limestone powder one would expect that the amount of CH would increase, but the amount of 
produced CH only starts to increase when 15% or more of the OPC is replaced by limestone 
powder. 
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producers could burn 5% less clinker and instead add limestone powder. This is both 
economically and environmentally beneficial, as less energy is needed and less CO2 will be 
emitted.  

 
Figure 7:  Comparing the 28 day compressive strength of the composite cements with different 

combination of fly ash and limestone powder and 65% OPC (lower abscissa), and 
the cements in which OPC is gradually replaced by fly ash (upper abscissa). 
Different abscissae were used to be able to compare cements with different OPC 
content and evaluate whether part of the OPC can be replaced by limestone powder 
without impairing the strength. 

 
In Figure 8 the compressive strength results are compared with the thermogravimetric (TG) 
results for different replacement levels of OPC with limestone powder. 
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amount of OPC decreases in the sample the amount of reaction products, such as CSH and CH, 
will also decrease.  
 
More interesting is the observation that the amount of CH per OPC content decreases slightly 
when 5% and even 10% of OPC is replaced by limestone powder. Due to the filler effect of the 
limestone powder one would expect that the amount of CH would increase, but the amount of 
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When 5% of OPC is replaced by limestone powder, the amount of bound water (H) per OPC 
and the compressive strength increases, but the CH content decreases. A strength increase 
should correspond to an increase in hydration products formed (H). Assuming the following 
reaction for the hydration of the main OPC mineral alite (C3S): 
 
C3S + 2.3 H 1.7SH + 1.3 CH (1) 
 
According to equation 1, a strength increase caused by an increase of hydration products like 
CSH would also implicate an increase in CH if the C/S of CSH remains constant. A decrease in 
the amount of CH and a corresponding increase in strength can only be explained by either the 
formation of CSH with a higher C/S ratio or the formation of other hydration products (e.g. 
alumina or iron rich hydration products) consuming CH. 
 
The decrease in calcium hydroxide can be explained by the formation of calcium 
hemicarboaluminate hydrate (C3A·0.5CaCO3·0.5Ca(OH)2·11.5H2O) that in accordance with the 
formula will consume half a mole Ca(OH)2 per mole CaCO3 [7, 11, 27].  
 
The amount of chemically bound water gives an indication about the degree of hydration, and 
therefore also for the strength development for a given cement. The compressive strength and 
amount of chemically bound water follow the same trend as they both increase when 5% of the 
OPC is replaced by limestone powder. For higher replacement levels (>5%) both properties 
decrease steadily (see Figure 8). 
 

  
Figure 8:  Comparison between the compressive strength and the amount of calcium hydroxide 

(CH) and bound water (H) both relative to the dry samples mass and the OPC 
content for limestone cements after 28 days of curing at 20°C. 
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should correspond to an increase in hydration products formed (H). Assuming the following 
reaction for the hydration of the main OPC mineral alite (C3S): 
 
C3S + 2.3 H 1.7SH + 1.3 CH (1) 
 
According to equation 1, a strength increase caused by an increase of hydration products like 
CSH would also implicate an increase in CH if the C/S of CSH remains constant. A decrease in 
the amount of CH and a corresponding increase in strength can only be explained by either the 
formation of CSH with a higher C/S ratio or the formation of other hydration products (e.g. 
alumina or iron rich hydration products) consuming CH. 
 
The decrease in calcium hydroxide can be explained by the formation of calcium 
hemicarboaluminate hydrate (C3A·0.5CaCO3·0.5Ca(OH)2·11.5H2O) that in accordance with the 
formula will consume half a mole Ca(OH)2 per mole CaCO3 [7, 11, 27].  
 
The amount of chemically bound water gives an indication about the degree of hydration, and 
therefore also for the strength development for a given cement. The compressive strength and 
amount of chemically bound water follow the same trend as they both increase when 5% of the 
OPC is replaced by limestone powder. For higher replacement levels (>5%) both properties 
decrease steadily (see Figure 8). 
 

  
Figure 8:  Comparison between the compressive strength and the amount of calcium hydroxide 

(CH) and bound water (H) both relative to the dry samples mass and the OPC 
content for limestone cements after 28 days of curing at 20°C. 

 
In Figure 9 the compressive strength results are compared with the thermogravimetric (TG) 
results for different replacement levels of OPC with fly ash.  
 
The amount of calcium hydroxide (CH) is given both relative to the dry sample mass and to the 
OPC content. The amount of CH relative to the dry sample mass, decreases due to the dilution 
effect. The amount of CH relative to the OPC content on the other hand increases due to the 
filler effect. Fly ash can react with the CH in a pozzolanic reaction and form hydration products 
similar to the ones of OPC. From the compressive strength results, it appeared that fly ash had 

0

5

10

15

20

25

30

0 5 10 15 20 25 30 35
% L

%
 C

H

0

10

20

30

40

50

60

strength
CH
CH/OPC

0

5

10

15

20

25

30

0 5 10 15 20 25 30 35
% L

%
 H

0

10

20

30

40

50

60

strength
H
H/OPC

 62 

When 5% of OPC is replaced by limestone powder, the amount of bound water (H) per OPC 
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should correspond to an increase in hydration products formed (H). Assuming the following 
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not reacted that much after 28 days of curing at 20°C. The strength of the fly ash cements was 
similar to the corresponding limestone cements. The amount of CH relative to the OPC content 
flattens out at replacement levels above 15% and even decreases a bit at 35%. This might 
indicate that the fly ash has reacted somewhat. As more fly ash is present some more CH has 
been consumed.  
 
The compressive strength is compared with the amount of bound water in Figure 9. The results 
correlate quite well as both the compressive strength and amount of chemically bound water are 
quite similar for the reference up to the one containing 10% fly ash but then decrease with 
increasing replacement level. The decreasing trend is due to the dilution effect. The filler effect 
on the other hand is visible when the amount of chemically bound water is expressed relative to 
the amount of OPC. The amount of chemically bound water relative to the OPC content 
increases with increasing OPC replacement.  
 
In Figure 10 and Figure 11 the compressive strength results are compared with the 
thermogravimetric (TG) results for different combinations of fly ash and limestone powder 
replacing 35% of the OPC. 
 
When 5% to 15% of the fly ash is replaced by limestone, the amount of CH decreases compared 
to the cement with 35% fly ash. Initially one would expect the opposite as the fly ash should 
consume CH during its pozzolanic reaction. Therefore a higher amount of fly ash should lead to 
less CH. The amount of produced CH starts to increase only when 20% of the limestone powder 
or more is included in the system. The decrease in CH is accompanied by an increase in 
compressive strength. The reason is probably, as described for OPC/limestone, that calcium 
hemicarboaluminate hydrate is formed. 

  
Figure 9:  Comparison between the compressive strength and the amount of calcium hydroxide 

(CH) and bound water (H) both relative to the dry samples mass and the OPC 
content for fly ash cements after 28 days of curing at 20°C. 
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flattens out at replacement levels above 15% and even decreases a bit at 35%. This might 
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Figure 10:  Comparison between the compressive strength and the amount of calcium hydroxide 

(CH) and bound water (H) relative to the OPC content for composite cements 
containing 65% OPC and a combination of fly ash and limestone powder after 28 
days of curing at 20°C. 

 
Figure 11:  Magnification of the ordinate in Figure 10 in order to visualize the synergetic effect 

better. 
From the previous results it can be concluded that an interesting phenomenon occurs when small 
amounts of limestone are used to replace both ordinary Portland cement and fly ash cement. The 
amount of CH decreases and the compressive strength increases. The effect on the fly ash 
cement seemed to be stronger than on the OPC, although the fly ash had not react that much. 
The thermogravimetric curves (TG-curves) and the differential thermogravimetric curves (DTG-
curves) of some interesting combinations were compared in order to understand this 
phenomenon better. In Figure 12 the TG and DTG are depicted for 100%OPC cement and 
100%OPC+5%L. Figure 13 shows the corresponding curves for 65%OPC+35%FA and 
65%OPC+30%FA+5%L. 
 
From Figure 12 it can be seen that the limestone containing cement binds about the same 
amount of water than the reference, as they reach about the same total weight loss at about 

0

5

10

15

20

25

30

0/
35

5/
30

10
/2

5

15
/2

0

20
/1

5

25
/1

0

30
/5

35
/0

% FA/L

%

0

10

20

30

40

50

60

strength
H/OPC
CH/OPC

0

5

10

15

20

25

30

0/
35

5/
30

10
/2

5

15
/2

0

20
/1

5

25
/1

0

30
/5

35
/0

% FA/L

%

32

34

36

38

40

42

44

46

strength
H/OPC
CH/OPC

 64 

 
Figure 10:  Comparison between the compressive strength and the amount of calcium hydroxide 

(CH) and bound water (H) relative to the OPC content for composite cements 
containing 65% OPC and a combination of fly ash and limestone powder after 28 
days of curing at 20°C. 

 
Figure 11:  Magnification of the ordinate in Figure 10 in order to visualize the synergetic effect 

better. 
From the previous results it can be concluded that an interesting phenomenon occurs when small 
amounts of limestone are used to replace both ordinary Portland cement and fly ash cement. The 
amount of CH decreases and the compressive strength increases. The effect on the fly ash 
cement seemed to be stronger than on the OPC, although the fly ash had not react that much. 
The thermogravimetric curves (TG-curves) and the differential thermogravimetric curves (DTG-
curves) of some interesting combinations were compared in order to understand this 
phenomenon better. In Figure 12 the TG and DTG are depicted for 100%OPC cement and 
100%OPC+5%L. Figure 13 shows the corresponding curves for 65%OPC+35%FA and 
65%OPC+30%FA+5%L. 
 
From Figure 12 it can be seen that the limestone containing cement binds about the same 
amount of water than the reference, as they reach about the same total weight loss at about 

0

5

10

15

20

25

30

0/
35

5/
30

10
/2

5

15
/2

0

20
/1

5

25
/1

0

30
/5

35
/0

% FA/L

%

0

10

20

30

40

50

60

strength
H/OPC
CH/OPC

0

5

10

15

20

25

30

0/
35

5/
30

10
/2

5

15
/2

0

20
/1

5

25
/1

0

30
/5

35
/0

% FA/L

%

32

34

36

38

40

42

44

46

strength
H/OPC
CH/OPC

 64 

 
Figure 10:  Comparison between the compressive strength and the amount of calcium hydroxide 

(CH) and bound water (H) relative to the OPC content for composite cements 
containing 65% OPC and a combination of fly ash and limestone powder after 28 
days of curing at 20°C. 

 
Figure 11:  Magnification of the ordinate in Figure 10 in order to visualize the synergetic effect 

better. 
From the previous results it can be concluded that an interesting phenomenon occurs when small 
amounts of limestone are used to replace both ordinary Portland cement and fly ash cement. The 
amount of CH decreases and the compressive strength increases. The effect on the fly ash 
cement seemed to be stronger than on the OPC, although the fly ash had not react that much. 
The thermogravimetric curves (TG-curves) and the differential thermogravimetric curves (DTG-
curves) of some interesting combinations were compared in order to understand this 
phenomenon better. In Figure 12 the TG and DTG are depicted for 100%OPC cement and 
100%OPC+5%L. Figure 13 shows the corresponding curves for 65%OPC+35%FA and 
65%OPC+30%FA+5%L. 
 
From Figure 12 it can be seen that the limestone containing cement binds about the same 
amount of water than the reference, as they reach about the same total weight loss at about 

0

5

10

15

20

25

30

0/
35

5/
30

10
/2

5

15
/2

0

20
/1

5

25
/1

0

30
/5

35
/0

% FA/L

%

0

10

20

30

40

50

60

strength
H/OPC
CH/OPC

0

5

10

15

20

25

30

0/
35

5/
30

10
/2

5

15
/2

0

20
/1

5

25
/1

0

30
/5

35
/0

% FA/L

%

32

34

36

38

40

42

44

46

strength
H/OPC
CH/OPC

 64 

 
Figure 10:  Comparison between the compressive strength and the amount of calcium hydroxide 

(CH) and bound water (H) relative to the OPC content for composite cements 
containing 65% OPC and a combination of fly ash and limestone powder after 28 
days of curing at 20°C. 

 
Figure 11:  Magnification of the ordinate in Figure 10 in order to visualize the synergetic effect 

better. 
From the previous results it can be concluded that an interesting phenomenon occurs when small 
amounts of limestone are used to replace both ordinary Portland cement and fly ash cement. The 
amount of CH decreases and the compressive strength increases. The effect on the fly ash 
cement seemed to be stronger than on the OPC, although the fly ash had not react that much. 
The thermogravimetric curves (TG-curves) and the differential thermogravimetric curves (DTG-
curves) of some interesting combinations were compared in order to understand this 
phenomenon better. In Figure 12 the TG and DTG are depicted for 100%OPC cement and 
100%OPC+5%L. Figure 13 shows the corresponding curves for 65%OPC+35%FA and 
65%OPC+30%FA+5%L. 
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600°C. Some differences can be seen between the DTG-curves of the two cements. First there is 
the peak just above 100°C. This peak is partly due to the decomposition of ettringite. Limestone 
powder seems to stabilize the ettringite as expected. This peak should however always be 
interpreted with care as it is very sensitive to the preparation of the samples and the pre-drying. 
Secondly there is dissimilarity between 600°C and 800°C. This is due to the decomposition of 
the CaCO3 present in the limestone powder. A remarkable difference between the two curves is 
the double peak for the reference around 180°C, which turns into a single peak when limestone 
is included in the system. The curves are also different between 200 and 400°C. The differences 
indicate that there is a change in hydration products when limestone powder is included in the 
system. 
 
From Figure 13 it can be seen that when 5% of the fly ash is replaced by limestone powder more 
water is bound, as the total weight loss at about 600°C is larger. The DTG curves are fairly 
similar to the once shown in Figure 12, except for the weight changes at 750°C and higher, 
caused by the fly ash present in the system and the lower content of calcium hydroxide (between 
400 and 500°C) due to the both dilution effect and slight pozzolanic reaction of the fly ash. 
Once more, the double peak around 180°C shown for the fly ash cement without limestone 
powder, turns into a single peak when limestone is included in the system and the ettringite 
appears to be stabilized.  
 

 
Figure 12:  Thermogravimetric curves (TG) and differential thermogravimetric curves (DTG) 

for the reference (100% OPC) and a limestone cement (5% limestone powder + 
95% OPC hydrated for 28 days). 
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In order to try to understand this change in hydration products X-ray diffraction analysis were 
performed. The cements tested were: 

 100% OPC (reference) 
 95% OPC + 5% limestone powder 
 65% OPC + 35% fly ash 
 65% OPC + 30% fly ash + 5% limestone powder 

The pastes had hydrated for 28 days at 20°C when they were analysed.  
 

 
Figure 13:  Thermogravimetric curves (TG) and differential thermogravimetric curves (DTG) 

for a fly ash cement containing 65% OPC and 35% fly ash and a composite cement 
containing 65% OPC, 5% limestone powder and 30% fly ash hydrated for 28 days. 

In Figure 14 the XRD spectra of the tested cements are shown. The d-range of particular interest 
was enlarged and is shown in Figure 15. The main crystalline phases were:  
 
 CH portlandite Ca(OH)2 
 Q quartz SiO2 
 CC calcium carbonate CaCO3 
 E ettringite C3A·3CaSO4·32H2O 
 MS calcium monosulphoaluminate hydrate C3A·CaSO4·12H2O 
 MC calcium monocarboaluminate hydrate C3A·CaCO3·11H2O  
 HC calcium hemicarboaluminate hydrate C3A·0.5CaCO3·0.5Ca(OH)2·11.5H2O 

 
It can be seen that when limestone powder is present the calcium monosulphate hydrate 
disappears and instead ettringite, calcium monocarbonate hydrate and calcium hemicarbonate 
hydrate are formed.  
 
The effect of small additions of limestone powder seemed to be more pronounced for the fly ash 
cements than for the ordinary Portland cement. This might be due to the liberation of additional 
aluminates by the fly ash. They cause a decrease of the sulphate/aluminate ratio of the system. 
Therefore relatively more calcium monosulphate hydrate than ettringite will form in the fly ash 
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powder on OPC may be restricted due to the limited amount of aluminate hydrates formed by the hydra-
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1. Introduction

It is estimated that cement production is responsible for about
5% of the global man-made CO2 emissions [1]. This fact, together
with the still increasing volume of cement produced worldwide
renders the cement industry an important contributor to the global
CO2 emission. For each ton of cement produced on average 0.87
tons of CO2 is emitted [1]. The cement industry is putting huge ef-
forts into reducing the emission during cement manufacturing, for
example by using alternative fuels and by optimising the heat
transfer in the production of clinker. An additional option widely
adopted is the use of blended cements in which part of the clinker
is replaced by ‘‘supplementary cementing materials” (SCM) or fill-
ers. Supplementary cementing materials such as silica fume, fly
ash, ground granulated blast furnace slag and natural pozzolans
have been used for many years. As the pressure to reduce emis-
sions is rising, research is being directed towards increasing the
replacement levels of clinker and optimising different combina-
tions of supplementary materials.

In this study ternary cements containing ordinary Portland ce-
ment (OPC) and different replacement levels of limestone powder
and siliceous class F fly ash are investigated. The effect of limestone
powder on OPC is twofold. Fine limestone powder exerts a physical
filler effect on the OPC hydration. Replacing part of the OPC with

limestone will increase the effective water to OPC ratio, and pro-
vide additional surface for precipitation of hydration products,
thereby promoting the early age hydration of the OPC [2–5]. Be-
sides the filler effect, there is also a chemical effect: the calcium
carbonate of the limestone powder can interact with the aluminate
hydrates formed by OPC hydration [6–9]. Calcium monosulphoalu-
minate hydrate is unstable in the presence of calcium carbonate,
and instead calcium mono- and hemicarboaluminate hydrate will
form. This leads to the stabilisation of the ettringite and will result
in an increase in the total volume of the hydration products [9–12],
which potentially might result in a decrease in porosity and thus
an increase in strength. The effect of this chemical interaction in
an OPC–limestone system is, however, not so pronounced due to
the limited aluminate content in the anhydrous clinker. In an or-
dinary Portland cement the limestone filler is therefore often con-
sidered inert. Additional calcium aluminate hydrates may be
produced by supplementary cementitious materials (SCM’s) con-
taining aluminates (e.g. slag, fly ash, metakaolin). The chemical
interaction between calcium aluminate hydrates and calcium car-
bonate might therefore be of greater importance in cements con-
taining fly ash or other aluminates containing SCMs [13].

A clear demonstration of interaction between fly ash and lime-
stone powder was observed when studying fly ash–limestone–cal-
cium hydroxide mixes prepared with a high alkaline solution
(pH = 13.2) [14]. More water was bound relative to the fly ash con-
tent, and the hydration products formed were altered when lime-
stone was included in the system. The calcium aluminate hydrates
formed during the pozzolanic reaction reacted with the calcium

0958-9465/$ - see front matter � 2010 Elsevier Ltd. All rights reserved.
doi:10.1016/j.cemconcomp.2010.09.006

⇑ Corresponding author. Address: Richard Birkelandsvei 3, 7465 Trondheim,
Norway. Tel.: +47 73594866.

E-mail address: klaartje.de.weerdt@sintef.no (K. De Weerdt).

Cement & Concrete Composites 33 (2011) 30–38

Contents lists available at ScienceDirect

Cement & Concrete Composites

journal homepage: www.elsevier .com/locate /cemconcomp

Author's personal copy

Synergy between fly ash and limestone powder in ternary cements

K. De Weerdt a,⇑, K.O. Kjellsen b,c, E. Sellevold a,b, H. Justnes a

a SINTEF Building and Infrastructure, 7465 Trondheim, Norway
bNTNU, Department of Structural Engineering, 7491 Trondheim, Norway
cNorcem AS, Heidelberg Cement Group, Setreveien 2, 3991 Brevik, Norway

a r t i c l e i n f o

Article history:
Received 17 June 2010
Received in revised form 2 September 2010
Accepted 7 September 2010
Available online 16 September 2010

Keywords:
Cement
Fly ash
Limestone
AFm
Ternary
Calcium carboaluminate hydrates

a b s t r a c t

The interaction between limestone powder and fly ash in ternary composite cement is investigated. Lime-
stone powder interacts with the AFm and AFt hydration phases, leading to the formation of carboalumi-
nates at the expense of monosulphate and thereby stabilizing the ettringite. The effect of limestone
powder on OPC may be restricted due to the limited amount of aluminate hydrates formed by the hydra-
tion of OPC. The additional aluminates brought into the system by fly ash during its pozzolanic reaction
amplify the mentioned effect of limestone powder. This synergistic effect between limestone powder and
fly ash in ternary cements is confirmed in this study and it translates to improved mechanical properties
that persist over time.

� 2010 Elsevier Ltd. All rights reserved.

1. Introduction

It is estimated that cement production is responsible for about
5% of the global man-made CO2 emissions [1]. This fact, together
with the still increasing volume of cement produced worldwide
renders the cement industry an important contributor to the global
CO2 emission. For each ton of cement produced on average 0.87
tons of CO2 is emitted [1]. The cement industry is putting huge ef-
forts into reducing the emission during cement manufacturing, for
example by using alternative fuels and by optimising the heat
transfer in the production of clinker. An additional option widely
adopted is the use of blended cements in which part of the clinker
is replaced by ‘‘supplementary cementing materials” (SCM) or fill-
ers. Supplementary cementing materials such as silica fume, fly
ash, ground granulated blast furnace slag and natural pozzolans
have been used for many years. As the pressure to reduce emis-
sions is rising, research is being directed towards increasing the
replacement levels of clinker and optimising different combina-
tions of supplementary materials.

In this study ternary cements containing ordinary Portland ce-
ment (OPC) and different replacement levels of limestone powder
and siliceous class F fly ash are investigated. The effect of limestone
powder on OPC is twofold. Fine limestone powder exerts a physical
filler effect on the OPC hydration. Replacing part of the OPC with

limestone will increase the effective water to OPC ratio, and pro-
vide additional surface for precipitation of hydration products,
thereby promoting the early age hydration of the OPC [2–5]. Be-
sides the filler effect, there is also a chemical effect: the calcium
carbonate of the limestone powder can interact with the aluminate
hydrates formed by OPC hydration [6–9]. Calcium monosulphoalu-
minate hydrate is unstable in the presence of calcium carbonate,
and instead calcium mono- and hemicarboaluminate hydrate will
form. This leads to the stabilisation of the ettringite and will result
in an increase in the total volume of the hydration products [9–12],
which potentially might result in a decrease in porosity and thus
an increase in strength. The effect of this chemical interaction in
an OPC–limestone system is, however, not so pronounced due to
the limited aluminate content in the anhydrous clinker. In an or-
dinary Portland cement the limestone filler is therefore often con-
sidered inert. Additional calcium aluminate hydrates may be
produced by supplementary cementitious materials (SCM’s) con-
taining aluminates (e.g. slag, fly ash, metakaolin). The chemical
interaction between calcium aluminate hydrates and calcium car-
bonate might therefore be of greater importance in cements con-
taining fly ash or other aluminates containing SCMs [13].

A clear demonstration of interaction between fly ash and lime-
stone powder was observed when studying fly ash–limestone–cal-
cium hydroxide mixes prepared with a high alkaline solution
(pH = 13.2) [14]. More water was bound relative to the fly ash con-
tent, and the hydration products formed were altered when lime-
stone was included in the system. The calcium aluminate hydrates
formed during the pozzolanic reaction reacted with the calcium

0958-9465/$ - see front matter � 2010 Elsevier Ltd. All rights reserved.
doi:10.1016/j.cemconcomp.2010.09.006

⇑ Corresponding author. Address: Richard Birkelandsvei 3, 7465 Trondheim,
Norway. Tel.: +47 73594866.

E-mail address: klaartje.de.weerdt@sintef.no (K. De Weerdt).

Cement & Concrete Composites 33 (2011) 30–38

Contents lists available at ScienceDirect

Cement & Concrete Composites

journal homepage: www.elsevier .com/locate /cemconcomp

Author's personal copy

Synergy between fly ash and limestone powder in ternary cements

K. De Weerdt a,⇑, K.O. Kjellsen b,c, E. Sellevold a,b, H. Justnes a

a SINTEF Building and Infrastructure, 7465 Trondheim, Norway
bNTNU, Department of Structural Engineering, 7491 Trondheim, Norway
cNorcem AS, Heidelberg Cement Group, Setreveien 2, 3991 Brevik, Norway

a r t i c l e i n f o

Article history:
Received 17 June 2010
Received in revised form 2 September 2010
Accepted 7 September 2010
Available online 16 September 2010

Keywords:
Cement
Fly ash
Limestone
AFm
Ternary
Calcium carboaluminate hydrates

a b s t r a c t

The interaction between limestone powder and fly ash in ternary composite cement is investigated. Lime-
stone powder interacts with the AFm and AFt hydration phases, leading to the formation of carboalumi-
nates at the expense of monosulphate and thereby stabilizing the ettringite. The effect of limestone
powder on OPC may be restricted due to the limited amount of aluminate hydrates formed by the hydra-
tion of OPC. The additional aluminates brought into the system by fly ash during its pozzolanic reaction
amplify the mentioned effect of limestone powder. This synergistic effect between limestone powder and
fly ash in ternary cements is confirmed in this study and it translates to improved mechanical properties
that persist over time.
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1. Introduction

It is estimated that cement production is responsible for about
5% of the global man-made CO2 emissions [1]. This fact, together
with the still increasing volume of cement produced worldwide
renders the cement industry an important contributor to the global
CO2 emission. For each ton of cement produced on average 0.87
tons of CO2 is emitted [1]. The cement industry is putting huge ef-
forts into reducing the emission during cement manufacturing, for
example by using alternative fuels and by optimising the heat
transfer in the production of clinker. An additional option widely
adopted is the use of blended cements in which part of the clinker
is replaced by ‘‘supplementary cementing materials” (SCM) or fill-
ers. Supplementary cementing materials such as silica fume, fly
ash, ground granulated blast furnace slag and natural pozzolans
have been used for many years. As the pressure to reduce emis-
sions is rising, research is being directed towards increasing the
replacement levels of clinker and optimising different combina-
tions of supplementary materials.

In this study ternary cements containing ordinary Portland ce-
ment (OPC) and different replacement levels of limestone powder
and siliceous class F fly ash are investigated. The effect of limestone
powder on OPC is twofold. Fine limestone powder exerts a physical
filler effect on the OPC hydration. Replacing part of the OPC with

limestone will increase the effective water to OPC ratio, and pro-
vide additional surface for precipitation of hydration products,
thereby promoting the early age hydration of the OPC [2–5]. Be-
sides the filler effect, there is also a chemical effect: the calcium
carbonate of the limestone powder can interact with the aluminate
hydrates formed by OPC hydration [6–9]. Calcium monosulphoalu-
minate hydrate is unstable in the presence of calcium carbonate,
and instead calcium mono- and hemicarboaluminate hydrate will
form. This leads to the stabilisation of the ettringite and will result
in an increase in the total volume of the hydration products [9–12],
which potentially might result in a decrease in porosity and thus
an increase in strength. The effect of this chemical interaction in
an OPC–limestone system is, however, not so pronounced due to
the limited aluminate content in the anhydrous clinker. In an or-
dinary Portland cement the limestone filler is therefore often con-
sidered inert. Additional calcium aluminate hydrates may be
produced by supplementary cementitious materials (SCM’s) con-
taining aluminates (e.g. slag, fly ash, metakaolin). The chemical
interaction between calcium aluminate hydrates and calcium car-
bonate might therefore be of greater importance in cements con-
taining fly ash or other aluminates containing SCMs [13].

A clear demonstration of interaction between fly ash and lime-
stone powder was observed when studying fly ash–limestone–cal-
cium hydroxide mixes prepared with a high alkaline solution
(pH = 13.2) [14]. More water was bound relative to the fly ash con-
tent, and the hydration products formed were altered when lime-
stone was included in the system. The calcium aluminate hydrates
formed during the pozzolanic reaction reacted with the calcium
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The interaction between limestone powder and fly ash in ternary composite cement is investigated. Lime-
stone powder interacts with the AFm and AFt hydration phases, leading to the formation of carboalumi-
nates at the expense of monosulphate and thereby stabilizing the ettringite. The effect of limestone
powder on OPC may be restricted due to the limited amount of aluminate hydrates formed by the hydra-
tion of OPC. The additional aluminates brought into the system by fly ash during its pozzolanic reaction
amplify the mentioned effect of limestone powder. This synergistic effect between limestone powder and
fly ash in ternary cements is confirmed in this study and it translates to improved mechanical properties
that persist over time.
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1. Introduction

It is estimated that cement production is responsible for about
5% of the global man-made CO2 emissions [1]. This fact, together
with the still increasing volume of cement produced worldwide
renders the cement industry an important contributor to the global
CO2 emission. For each ton of cement produced on average 0.87
tons of CO2 is emitted [1]. The cement industry is putting huge ef-
forts into reducing the emission during cement manufacturing, for
example by using alternative fuels and by optimising the heat
transfer in the production of clinker. An additional option widely
adopted is the use of blended cements in which part of the clinker
is replaced by ‘‘supplementary cementing materials” (SCM) or fill-
ers. Supplementary cementing materials such as silica fume, fly
ash, ground granulated blast furnace slag and natural pozzolans
have been used for many years. As the pressure to reduce emis-
sions is rising, research is being directed towards increasing the
replacement levels of clinker and optimising different combina-
tions of supplementary materials.

In this study ternary cements containing ordinary Portland ce-
ment (OPC) and different replacement levels of limestone powder
and siliceous class F fly ash are investigated. The effect of limestone
powder on OPC is twofold. Fine limestone powder exerts a physical
filler effect on the OPC hydration. Replacing part of the OPC with

limestone will increase the effective water to OPC ratio, and pro-
vide additional surface for precipitation of hydration products,
thereby promoting the early age hydration of the OPC [2–5]. Be-
sides the filler effect, there is also a chemical effect: the calcium
carbonate of the limestone powder can interact with the aluminate
hydrates formed by OPC hydration [6–9]. Calcium monosulphoalu-
minate hydrate is unstable in the presence of calcium carbonate,
and instead calcium mono- and hemicarboaluminate hydrate will
form. This leads to the stabilisation of the ettringite and will result
in an increase in the total volume of the hydration products [9–12],
which potentially might result in a decrease in porosity and thus
an increase in strength. The effect of this chemical interaction in
an OPC–limestone system is, however, not so pronounced due to
the limited aluminate content in the anhydrous clinker. In an or-
dinary Portland cement the limestone filler is therefore often con-
sidered inert. Additional calcium aluminate hydrates may be
produced by supplementary cementitious materials (SCM’s) con-
taining aluminates (e.g. slag, fly ash, metakaolin). The chemical
interaction between calcium aluminate hydrates and calcium car-
bonate might therefore be of greater importance in cements con-
taining fly ash or other aluminates containing SCMs [13].

A clear demonstration of interaction between fly ash and lime-
stone powder was observed when studying fly ash–limestone–cal-
cium hydroxide mixes prepared with a high alkaline solution
(pH = 13.2) [14]. More water was bound relative to the fly ash con-
tent, and the hydration products formed were altered when lime-
stone was included in the system. The calcium aluminate hydrates
formed during the pozzolanic reaction reacted with the calcium
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carbonate of the limestone powder, and formed calcium carboalu-
minate hydrates.

In a study evaluating the effect of fineness of the different mate-
rials in a ternary composite cement, a substantial strength increase
was observed after 28 days of curing when combining fly ash and
limestone powder compared to only using fly ash [15]. However
the tests were only performed on very fine ground materials. Sub-
sequently, a series of mortar and paste mixes were prepared with
ternary cements containing OPC, limestone powder and fly ash, but
from an industrial point of view, more realistic finenesses [16,17].
The samples were tested after 28 days of curing at 20 �C. A similar
strength increase was observed when a small part of the fly ash
was replaced by limestone powder as in [15].

The aim of this study is to investigate the interaction between
limestone powder and fly ash in ternary composite cements after
longer times, up to 140 days of hydration. Both compressive and
flexural strength of mortars have been measured. In addition, ther-
mogravimetric analysis (TGA) was used to determine the content
of bound water and calcium hydroxide and X-ray diffraction
(XRD) was applied to identify the AFm and AFt phases.

2. Materials and experimental

The materials used in this study were: ordinary Portland clin-
ker, a class F ASTM siliceous fly ash (FA), limestone powder and
natural gypsum. The chemical composition of the ordinary Port-
land clinker, fly ash and limestone powder are given in Table 1.
The natural gypsum contained 0.2% free water, and had a Ca-
SO4�2H2O content of 91.4%. Additional properties of the fly ash
are found in [18]. The CaCO3 content of the limestone as deter-
mined by TGA was about 81%.

The materials were ground in a laboratory ball mill with a
capacity of about 9 kg. Fly ash and limestone powder were ground
separately. The clinker interground with 3.7% of gypsum by mass is
referred to as OPC. The Blaine specific surface and density are given
in Table 1. The finenesses of the different materials were selected
based on the results found in a previous study [15]. The fly ash
was ground for 15 min in order to crush the largest particles. This
corresponds to common practice in Portland fly ash cement man-
ufacturing, where the fly ash is added in the air separator at the
end of the cement mill. In that case, the largest particles will be re-
turned to the ball mill and be crushed.

Table 2 shows the different composite cements which were
tested. The experimental matrix can be divided into three main
groups and the reference, 100% OPC (mix 1). In the first group,

OPC is gradually replaced by limestone powder, in steps of 5% up
to 35% (mix 2–8). In the second group OPC is similarly replaced
with fly ash (mix 9–15). In the third group different limestone
powder and fly ash combinations were tested (mix 16–21), all at
a total OPC replacement level of 35% by mass.

Three mortar prisms (40 � 40 � 160 mm) were prepared for
each testing age and material combination, according to EN 196-
1 (water-to-binder ratio 0.50, binder:sand = 1:3). The samples
were cured at 20 �C, submerged in a saturated Ca(OH)2 solution.

For all the mortar mixes, corresponding cement pastes with
water-to-binder ratio of 0.5 were prepared using a vacuum mixer
from Renfert. The pastes were poured into 20 ml cylindrical plastic
bottles and stored under sealed conditions at 20 �C. The hydration
of the samples was stopped after 1, 28, 90 and 140 days of curing
via solvent exchange using isopropanol and ether. The samples
were stored for about 2–3 h in a desiccator over silica gel, prior
to analysis, to let the remaining ether evaporate. Simultaneous
TGA/SDTA analyses were performed on the dried powders using
a Mettler Toledo TGA/SDTA851. Samples of about 50 mg were
weighed into aluminium oxide crucibles. The samples were heated
from 30 �C to 980 �C at a heating rate of 20 �C/min. During the
analysis the oven was purged with N2 at 50 ml/min. During a ther-
mogravimetric analysis (TGA), the weight of the sample is moni-
tored as a function of the temperature. The amount of bound
water (H) and calcium hydroxide (CH) are determined as described
in [15]. Both are expressed as a % of the dry sample weight and as a
% of OPC content in the sample. The standard deviation on three
independent measurements at all tested ages is not larger than
0.1% for H and 0.2% for CH.

In order to focus on the effects of small limestone replacements
in both ordinary Portland cement and fly ash cement, thermogravi-
metric curves and X-ray diffraction patterns of the four following
mixes of particular interest were studied:

� 100% OPC (reference)
� 95% OPC + 5% limestone powder
� 65% OPC + 35% fly ash
� 65% OPC + 30% fly ash + 5% limestone powder

For the X-ray diffraction (XRD), larger paste samples of about
60 ml were prepared for each combination. After 1, 28, 90 and

Table 1
Chemical composition and physical characteristics of the clinker, fly ash and
limestone.

Clinker Fly ash Limestone

SiO2 20.8 50.0 12.9
Al2O3 5.6 23.9 2.7
Fe2O3 3.2 6.0 2.0
CaO 63.0 6.3 42.3
MgO 3.0 2.1 1.8
SO3 1.5 0.4 –
P2O5 0.1 1.1 –
K2O 1.3 1.4 0.6
Na2O 0.5 0.6 0.5
Na2O Eq. 1.4 1.6
LOI 0.3 3.6 37.7
Carbon 0.1 3.1 –
Chloride 0.05 0.0 –
Free CaO 1.9 – –
Blaine surface (m2/kg) 500* 470 810
Density (kg/m3) 3150* 2490 2740

* For OPC = clinker + gyspum.

Table 2
Experimental matrix.

Mix Composition

OPC (%) FA L

1 100 0 0
2 95 0 5
3 90 0 10
4 85 0 15
5 80 0 20
6 75 0 25
7 70 0 30
8 65 0 35
9 95 5 0

10 90 10 0
11 85 15 0
12 80 20 0
13 75 25 0
14 70 30 0
15 65 35 0
16 65 30 5
17 65 25 10
18 65 20 15
19 65 15 20
20 65 10 25
21 65 5 30
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carbonate of the limestone powder, and formed calcium carboalu-
minate hydrates.

In a study evaluating the effect of fineness of the different mate-
rials in a ternary composite cement, a substantial strength increase
was observed after 28 days of curing when combining fly ash and
limestone powder compared to only using fly ash [15]. However
the tests were only performed on very fine ground materials. Sub-
sequently, a series of mortar and paste mixes were prepared with
ternary cements containing OPC, limestone powder and fly ash, but
from an industrial point of view, more realistic finenesses [16,17].
The samples were tested after 28 days of curing at 20 �C. A similar
strength increase was observed when a small part of the fly ash
was replaced by limestone powder as in [15].

The aim of this study is to investigate the interaction between
limestone powder and fly ash in ternary composite cements after
longer times, up to 140 days of hydration. Both compressive and
flexural strength of mortars have been measured. In addition, ther-
mogravimetric analysis (TGA) was used to determine the content
of bound water and calcium hydroxide and X-ray diffraction
(XRD) was applied to identify the AFm and AFt phases.

2. Materials and experimental

The materials used in this study were: ordinary Portland clin-
ker, a class F ASTM siliceous fly ash (FA), limestone powder and
natural gypsum. The chemical composition of the ordinary Port-
land clinker, fly ash and limestone powder are given in Table 1.
The natural gypsum contained 0.2% free water, and had a Ca-
SO4�2H2O content of 91.4%. Additional properties of the fly ash
are found in [18]. The CaCO3 content of the limestone as deter-
mined by TGA was about 81%.

The materials were ground in a laboratory ball mill with a
capacity of about 9 kg. Fly ash and limestone powder were ground
separately. The clinker interground with 3.7% of gypsum by mass is
referred to as OPC. The Blaine specific surface and density are given
in Table 1. The finenesses of the different materials were selected
based on the results found in a previous study [15]. The fly ash
was ground for 15 min in order to crush the largest particles. This
corresponds to common practice in Portland fly ash cement man-
ufacturing, where the fly ash is added in the air separator at the
end of the cement mill. In that case, the largest particles will be re-
turned to the ball mill and be crushed.

Table 2 shows the different composite cements which were
tested. The experimental matrix can be divided into three main
groups and the reference, 100% OPC (mix 1). In the first group,

OPC is gradually replaced by limestone powder, in steps of 5% up
to 35% (mix 2–8). In the second group OPC is similarly replaced
with fly ash (mix 9–15). In the third group different limestone
powder and fly ash combinations were tested (mix 16–21), all at
a total OPC replacement level of 35% by mass.

Three mortar prisms (40 � 40 � 160 mm) were prepared for
each testing age and material combination, according to EN 196-
1 (water-to-binder ratio 0.50, binder:sand = 1:3). The samples
were cured at 20 �C, submerged in a saturated Ca(OH)2 solution.

For all the mortar mixes, corresponding cement pastes with
water-to-binder ratio of 0.5 were prepared using a vacuum mixer
from Renfert. The pastes were poured into 20 ml cylindrical plastic
bottles and stored under sealed conditions at 20 �C. The hydration
of the samples was stopped after 1, 28, 90 and 140 days of curing
via solvent exchange using isopropanol and ether. The samples
were stored for about 2–3 h in a desiccator over silica gel, prior
to analysis, to let the remaining ether evaporate. Simultaneous
TGA/SDTA analyses were performed on the dried powders using
a Mettler Toledo TGA/SDTA851. Samples of about 50 mg were
weighed into aluminium oxide crucibles. The samples were heated
from 30 �C to 980 �C at a heating rate of 20 �C/min. During the
analysis the oven was purged with N2 at 50 ml/min. During a ther-
mogravimetric analysis (TGA), the weight of the sample is moni-
tored as a function of the temperature. The amount of bound
water (H) and calcium hydroxide (CH) are determined as described
in [15]. Both are expressed as a % of the dry sample weight and as a
% of OPC content in the sample. The standard deviation on three
independent measurements at all tested ages is not larger than
0.1% for H and 0.2% for CH.

In order to focus on the effects of small limestone replacements
in both ordinary Portland cement and fly ash cement, thermogravi-
metric curves and X-ray diffraction patterns of the four following
mixes of particular interest were studied:

� 100% OPC (reference)
� 95% OPC + 5% limestone powder
� 65% OPC + 35% fly ash
� 65% OPC + 30% fly ash + 5% limestone powder

For the X-ray diffraction (XRD), larger paste samples of about
60 ml were prepared for each combination. After 1, 28, 90 and

Table 1
Chemical composition and physical characteristics of the clinker, fly ash and
limestone.

Clinker Fly ash Limestone

SiO2 20.8 50.0 12.9
Al2O3 5.6 23.9 2.7
Fe2O3 3.2 6.0 2.0
CaO 63.0 6.3 42.3
MgO 3.0 2.1 1.8
SO3 1.5 0.4 –
P2O5 0.1 1.1 –
K2O 1.3 1.4 0.6
Na2O 0.5 0.6 0.5
Na2O Eq. 1.4 1.6
LOI 0.3 3.6 37.7
Carbon 0.1 3.1 –
Chloride 0.05 0.0 –
Free CaO 1.9 – –
Blaine surface (m2/kg) 500* 470 810
Density (kg/m3) 3150* 2490 2740

* For OPC = clinker + gyspum.

Table 2
Experimental matrix.

Mix Composition

OPC (%) FA L

1 100 0 0
2 95 0 5
3 90 0 10
4 85 0 15
5 80 0 20
6 75 0 25
7 70 0 30
8 65 0 35
9 95 5 0

10 90 10 0
11 85 15 0
12 80 20 0
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carbonate of the limestone powder, and formed calcium carboalu-
minate hydrates.

In a study evaluating the effect of fineness of the different mate-
rials in a ternary composite cement, a substantial strength increase
was observed after 28 days of curing when combining fly ash and
limestone powder compared to only using fly ash [15]. However
the tests were only performed on very fine ground materials. Sub-
sequently, a series of mortar and paste mixes were prepared with
ternary cements containing OPC, limestone powder and fly ash, but
from an industrial point of view, more realistic finenesses [16,17].
The samples were tested after 28 days of curing at 20 �C. A similar
strength increase was observed when a small part of the fly ash
was replaced by limestone powder as in [15].

The aim of this study is to investigate the interaction between
limestone powder and fly ash in ternary composite cements after
longer times, up to 140 days of hydration. Both compressive and
flexural strength of mortars have been measured. In addition, ther-
mogravimetric analysis (TGA) was used to determine the content
of bound water and calcium hydroxide and X-ray diffraction
(XRD) was applied to identify the AFm and AFt phases.

2. Materials and experimental

The materials used in this study were: ordinary Portland clin-
ker, a class F ASTM siliceous fly ash (FA), limestone powder and
natural gypsum. The chemical composition of the ordinary Port-
land clinker, fly ash and limestone powder are given in Table 1.
The natural gypsum contained 0.2% free water, and had a Ca-
SO4�2H2O content of 91.4%. Additional properties of the fly ash
are found in [18]. The CaCO3 content of the limestone as deter-
mined by TGA was about 81%.

The materials were ground in a laboratory ball mill with a
capacity of about 9 kg. Fly ash and limestone powder were ground
separately. The clinker interground with 3.7% of gypsum by mass is
referred to as OPC. The Blaine specific surface and density are given
in Table 1. The finenesses of the different materials were selected
based on the results found in a previous study [15]. The fly ash
was ground for 15 min in order to crush the largest particles. This
corresponds to common practice in Portland fly ash cement man-
ufacturing, where the fly ash is added in the air separator at the
end of the cement mill. In that case, the largest particles will be re-
turned to the ball mill and be crushed.

Table 2 shows the different composite cements which were
tested. The experimental matrix can be divided into three main
groups and the reference, 100% OPC (mix 1). In the first group,

OPC is gradually replaced by limestone powder, in steps of 5% up
to 35% (mix 2–8). In the second group OPC is similarly replaced
with fly ash (mix 9–15). In the third group different limestone
powder and fly ash combinations were tested (mix 16–21), all at
a total OPC replacement level of 35% by mass.

Three mortar prisms (40 � 40 � 160 mm) were prepared for
each testing age and material combination, according to EN 196-
1 (water-to-binder ratio 0.50, binder:sand = 1:3). The samples
were cured at 20 �C, submerged in a saturated Ca(OH)2 solution.

For all the mortar mixes, corresponding cement pastes with
water-to-binder ratio of 0.5 were prepared using a vacuum mixer
from Renfert. The pastes were poured into 20 ml cylindrical plastic
bottles and stored under sealed conditions at 20 �C. The hydration
of the samples was stopped after 1, 28, 90 and 140 days of curing
via solvent exchange using isopropanol and ether. The samples
were stored for about 2–3 h in a desiccator over silica gel, prior
to analysis, to let the remaining ether evaporate. Simultaneous
TGA/SDTA analyses were performed on the dried powders using
a Mettler Toledo TGA/SDTA851. Samples of about 50 mg were
weighed into aluminium oxide crucibles. The samples were heated
from 30 �C to 980 �C at a heating rate of 20 �C/min. During the
analysis the oven was purged with N2 at 50 ml/min. During a ther-
mogravimetric analysis (TGA), the weight of the sample is moni-
tored as a function of the temperature. The amount of bound
water (H) and calcium hydroxide (CH) are determined as described
in [15]. Both are expressed as a % of the dry sample weight and as a
% of OPC content in the sample. The standard deviation on three
independent measurements at all tested ages is not larger than
0.1% for H and 0.2% for CH.

In order to focus on the effects of small limestone replacements
in both ordinary Portland cement and fly ash cement, thermogravi-
metric curves and X-ray diffraction patterns of the four following
mixes of particular interest were studied:

� 100% OPC (reference)
� 95% OPC + 5% limestone powder
� 65% OPC + 35% fly ash
� 65% OPC + 30% fly ash + 5% limestone powder

For the X-ray diffraction (XRD), larger paste samples of about
60 ml were prepared for each combination. After 1, 28, 90 and

Table 1
Chemical composition and physical characteristics of the clinker, fly ash and
limestone.

Clinker Fly ash Limestone

SiO2 20.8 50.0 12.9
Al2O3 5.6 23.9 2.7
Fe2O3 3.2 6.0 2.0
CaO 63.0 6.3 42.3
MgO 3.0 2.1 1.8
SO3 1.5 0.4 –
P2O5 0.1 1.1 –
K2O 1.3 1.4 0.6
Na2O 0.5 0.6 0.5
Na2O Eq. 1.4 1.6
LOI 0.3 3.6 37.7
Carbon 0.1 3.1 –
Chloride 0.05 0.0 –
Free CaO 1.9 – –
Blaine surface (m2/kg) 500* 470 810
Density (kg/m3) 3150* 2490 2740

* For OPC = clinker + gyspum.

Table 2
Experimental matrix.

Mix Composition

OPC (%) FA L

1 100 0 0
2 95 0 5
3 90 0 10
4 85 0 15
5 80 0 20
6 75 0 25
7 70 0 30
8 65 0 35
9 95 5 0

10 90 10 0
11 85 15 0
12 80 20 0
13 75 25 0
14 70 30 0
15 65 35 0
16 65 30 5
17 65 25 10
18 65 20 15
19 65 15 20
20 65 10 25
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carbonate of the limestone powder, and formed calcium carboalu-
minate hydrates.

In a study evaluating the effect of fineness of the different mate-
rials in a ternary composite cement, a substantial strength increase
was observed after 28 days of curing when combining fly ash and
limestone powder compared to only using fly ash [15]. However
the tests were only performed on very fine ground materials. Sub-
sequently, a series of mortar and paste mixes were prepared with
ternary cements containing OPC, limestone powder and fly ash, but
from an industrial point of view, more realistic finenesses [16,17].
The samples were tested after 28 days of curing at 20 �C. A similar
strength increase was observed when a small part of the fly ash
was replaced by limestone powder as in [15].

The aim of this study is to investigate the interaction between
limestone powder and fly ash in ternary composite cements after
longer times, up to 140 days of hydration. Both compressive and
flexural strength of mortars have been measured. In addition, ther-
mogravimetric analysis (TGA) was used to determine the content
of bound water and calcium hydroxide and X-ray diffraction
(XRD) was applied to identify the AFm and AFt phases.

2. Materials and experimental

The materials used in this study were: ordinary Portland clin-
ker, a class F ASTM siliceous fly ash (FA), limestone powder and
natural gypsum. The chemical composition of the ordinary Port-
land clinker, fly ash and limestone powder are given in Table 1.
The natural gypsum contained 0.2% free water, and had a Ca-
SO4�2H2O content of 91.4%. Additional properties of the fly ash
are found in [18]. The CaCO3 content of the limestone as deter-
mined by TGA was about 81%.

The materials were ground in a laboratory ball mill with a
capacity of about 9 kg. Fly ash and limestone powder were ground
separately. The clinker interground with 3.7% of gypsum by mass is
referred to as OPC. The Blaine specific surface and density are given
in Table 1. The finenesses of the different materials were selected
based on the results found in a previous study [15]. The fly ash
was ground for 15 min in order to crush the largest particles. This
corresponds to common practice in Portland fly ash cement man-
ufacturing, where the fly ash is added in the air separator at the
end of the cement mill. In that case, the largest particles will be re-
turned to the ball mill and be crushed.

Table 2 shows the different composite cements which were
tested. The experimental matrix can be divided into three main
groups and the reference, 100% OPC (mix 1). In the first group,

OPC is gradually replaced by limestone powder, in steps of 5% up
to 35% (mix 2–8). In the second group OPC is similarly replaced
with fly ash (mix 9–15). In the third group different limestone
powder and fly ash combinations were tested (mix 16–21), all at
a total OPC replacement level of 35% by mass.

Three mortar prisms (40 � 40 � 160 mm) were prepared for
each testing age and material combination, according to EN 196-
1 (water-to-binder ratio 0.50, binder:sand = 1:3). The samples
were cured at 20 �C, submerged in a saturated Ca(OH)2 solution.

For all the mortar mixes, corresponding cement pastes with
water-to-binder ratio of 0.5 were prepared using a vacuum mixer
from Renfert. The pastes were poured into 20 ml cylindrical plastic
bottles and stored under sealed conditions at 20 �C. The hydration
of the samples was stopped after 1, 28, 90 and 140 days of curing
via solvent exchange using isopropanol and ether. The samples
were stored for about 2–3 h in a desiccator over silica gel, prior
to analysis, to let the remaining ether evaporate. Simultaneous
TGA/SDTA analyses were performed on the dried powders using
a Mettler Toledo TGA/SDTA851. Samples of about 50 mg were
weighed into aluminium oxide crucibles. The samples were heated
from 30 �C to 980 �C at a heating rate of 20 �C/min. During the
analysis the oven was purged with N2 at 50 ml/min. During a ther-
mogravimetric analysis (TGA), the weight of the sample is moni-
tored as a function of the temperature. The amount of bound
water (H) and calcium hydroxide (CH) are determined as described
in [15]. Both are expressed as a % of the dry sample weight and as a
% of OPC content in the sample. The standard deviation on three
independent measurements at all tested ages is not larger than
0.1% for H and 0.2% for CH.

In order to focus on the effects of small limestone replacements
in both ordinary Portland cement and fly ash cement, thermogravi-
metric curves and X-ray diffraction patterns of the four following
mixes of particular interest were studied:

� 100% OPC (reference)
� 95% OPC + 5% limestone powder
� 65% OPC + 35% fly ash
� 65% OPC + 30% fly ash + 5% limestone powder

For the X-ray diffraction (XRD), larger paste samples of about
60 ml were prepared for each combination. After 1, 28, 90 and

Table 1
Chemical composition and physical characteristics of the clinker, fly ash and
limestone.

Clinker Fly ash Limestone

SiO2 20.8 50.0 12.9
Al2O3 5.6 23.9 2.7
Fe2O3 3.2 6.0 2.0
CaO 63.0 6.3 42.3
MgO 3.0 2.1 1.8
SO3 1.5 0.4 –
P2O5 0.1 1.1 –
K2O 1.3 1.4 0.6
Na2O 0.5 0.6 0.5
Na2O Eq. 1.4 1.6
LOI 0.3 3.6 37.7
Carbon 0.1 3.1 –
Chloride 0.05 0.0 –
Free CaO 1.9 – –
Blaine surface (m2/kg) 500* 470 810
Density (kg/m3) 3150* 2490 2740

* For OPC = clinker + gyspum.

Table 2
Experimental matrix.

Mix Composition

OPC (%) FA L

1 100 0 0
2 95 0 5
3 90 0 10
4 85 0 15
5 80 0 20
6 75 0 25
7 70 0 30
8 65 0 35
9 95 5 0

10 90 10 0
11 85 15 0
12 80 20 0
13 75 25 0
14 70 30 0
15 65 35 0
16 65 30 5
17 65 25 10
18 65 20 15
19 65 15 20
20 65 10 25
21 65 5 30
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140 days of sealed curing at 20 �C, discs with a diameter of about
30 mm and a thickness of 3–5 mm were cut from the paste sam-
ples using a water lubricated saw and the top layer was removed

using fine sand paper. The discs were analysed using a PANalytical
X’Pert Pro MPD diffractometer in a h � 2h configuration with an
incident beam monochromator and Cu Ka radiation (k = 1.54 Å).

0

10

20

30

40

50

60

70

0 5 10 15 20 25 30 35

limestone [%] 

co
m
pr
es
si

ve
 s
tre
ng
th

 [M
Pa

] .

1 day 28 day

90 day 140 day
0

2

4

6

8

10

0 5 10 15 20 25 30 35

limestone [%] 
fle

xu
ra
l s
tre
ng
th

 [M
Pa

] .

1 day

28 day

90 day

140 day

0

10

20

30

40

50

60

70

0 5 10 15 20 25 30 35
fly ash  [%] 

co
m
pr
es
si

ve
 s
tre
ng
th

 [M
Pa

] .

1 day 28 day

90 day 140 day
0

2

4

6

8

10

0 5 10 15 20 25 30 35
fly ash [%]  

fle
xu
ra
l s
tre
ng
th

 [M
Pa

] .

1 day

28 day

90 day

140 day

0

10

20

30

40

50

60

70

80

35
/0

30
/5

25
/1

0

20
/1

5

15
/2

0

10
/2

5

5/
30

0/
35

FA / limestone [%] 

co
m
pr
es
si

ve
 s
tre
ng
th

 [M
Pa

] .

1 day

28 day

90 day

140 day

0

2

4

6

8

10

35
/0

30
/5

25
/1

0

20
/1

5

15
/2

0

10
/2

5

5/
30

0/
35

FA / limestone [%] 

fle
xu
ra
l s
tre
ng
th

 [M
Pa

]

1 day 28 day

90 day 140 day

A 

C D 

B

E F 

Fig. 1. The compressive and flexural strength with standard deviation (bars) after 1, 28, 90 and 140 days of curing for: (A) and (B) limestone blended cements, (C) and (D) fly
ash blended cements, and (E) and (F) composite cements containing both fly ash and limestone.
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140 days of sealed curing at 20 �C, discs with a diameter of about
30 mm and a thickness of 3–5 mm were cut from the paste sam-
ples using a water lubricated saw and the top layer was removed

using fine sand paper. The discs were analysed using a PANalytical
X’Pert Pro MPD diffractometer in a h � 2h configuration with an
incident beam monochromator and Cu Ka radiation (k = 1.54 Å).
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140 days of sealed curing at 20 �C, discs with a diameter of about
30 mm and a thickness of 3–5 mm were cut from the paste sam-
ples using a water lubricated saw and the top layer was removed

using fine sand paper. The discs were analysed using a PANalytical
X’Pert Pro MPD diffractometer in a h � 2h configuration with an
incident beam monochromator and Cu Ka radiation (k = 1.54 Å).
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140 days of sealed curing at 20 �C, discs with a diameter of about
30 mm and a thickness of 3–5 mm were cut from the paste sam-
ples using a water lubricated saw and the top layer was removed

using fine sand paper. The discs were analysed using a PANalytical
X’Pert Pro MPD diffractometer in a h � 2h configuration with an
incident beam monochromator and Cu Ka radiation (k = 1.54 Å).
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3. Results

3.1. Flexural and compressive strength

The compressive and flexural strength of the limestone blended
cements decrease with increasing limestone powder replacement
at all ages from 1 to 140 days (Fig. 1A and B). The main compres-
sive and flexural strength gain takes place during the first 28 days
of curing as might be expected. The flexural strength and the com-
pressive strength do not seem to change after 28 and 90 days of
curing, respectively.

The compressive and flexural strength after 1 day of curing de-
creases with increasing fly ash replacement for the fly ash blended
cements (Fig. 1C and D). The fly ash blended cements containing up
to 15% fly ash obtain a similar compressive strength as the OPC ref-
erence after 28 days, while higher replacement levels lead to a
reduction in compressive strength. After 90 and 140 days of curing,
all tested fly ash blended cements reach compressive and flexural
strength levels equal to the OPC reference regardless of the fly ash
content. The main strength development occurs during the first
28 days. However, there is still a considerable strength increase be-
tween 28 and 90, and 90 and 140 days especially for the mixes con-
taining large volumes of fly ash (>15%). The flexural strength, on
the other hand, does not change greatly after 28 days of curing.

Table 3 shows the compressive and flexural strength results of
the different tested combinations. It can be seen that at the same
replacement level the limestone blended cements (mix 2–8) devel-
op a slightly higher strength than the fly ash blended cements (mix
9–15) after 1 day. After 28 days, however, the fly ash blended ce-
ments surpass the limestone blended cements and at 90 and
140 days the gap between the two increases with increasing
replacement level.

The compressive and flexural strength results for the composite
cements containing 65% OPC and 35% of a combination of limestone
powder and fly ash are shown in Fig. 1E and F. After 1 day of curing,
limestone powder seems to promote the early age hydration more
than fly ash as the compressive strength tends to increase as lime-
stone replaces fly ash. After 28 days, on the other hand, the blend
with 35% limestone powder has an average compressive strength
of 34.4 MPa and the one with 35% fly ash 38.3 MPa (Table 3).

The maximum 28 day compressive strength is obtained for the
mixes containing 30% fly ash and 5% limestone (41.2 MPa) or 25%

fly ash and 10% limestone powder (41.2 MPa). Up to 15% limestone
powder (38.6 ± 0.8 MPa) can be used instead of fly ash without
impairing the strength at 28 days relative to the 65% OPC and
35% FA blend (38.3 ± 0.4 MPa). A compressive strength increase
of about 8% was obtained at 28 days when replacing 5% fly ash
by 5% limestone in the 35% fly ash mix. This is comparable to the
about 10% compressive strength increase reported after 28 days
of curing in our preceding study [15] for a parallel series of the
same mixes. After 90 days of curing a similar but slightly smaller
strength increase when replacing a small part of the fly ash with
limestone powder in the composite cements can be observed
(Fig. 3E, Table 3). A strength increase of 5% is obtained (54.4 MPa
versus 56.9 MPa). The effect is further reduced at 140 days. At this
age similar strength performances are obtained for the 35% fly ash
and 30% fly ash and 5% limestone blends (60.2 MPa versus
61.1 MPa). Replacing 5–10% of the fly ash with limestone appears
also to be beneficial for the flexural strength after 28, 90 and
140 days. The main compressive and flexural strength develop-
ment occurs during the first 28 days. After 28 and even 90 days
there is considerable compressive and flexural strength increase
for the mixes with high fly ash content. When comparing mix 14
(70% OPC and 30% fly ash) and mix 16 (65% OPC, 5% limestone
and 30% fly ash), it can be seen that they develop about the same
compressive strength at all tested ages, indicating that 5% of OPC
can be replaced by limestone powder in a Portland fly ash cement
without impairing the strength.

3.2. Amount of bound water (H) and calcium hydroxide (CH)

Fig. 2 shows the amount of bound water (H) relative to the dry
content and the OPC content.

Both for the limestone and fly ash blended cements, the amount of
bound water per dry content decreases (Fig. 2A and C), and the
amount of bound water relative to the OPC content increases
(Fig. 2B and D), with increasing replacement level, except for the
5% replacement of the OPC with limestone powder that shows no
reduction in the amount of bound water relative to the dry content.

The amount of bound water for the composite cements contain-
ing 65% OPC and 35% of a combination of fly ash and limestone powder
(Fig. 2E) is similar for all tested combinations after 1 day of curing.
However, the amount of bound water increases as limestone pow-
der and fly ash are combined instead of just using one of them after

Table 3
Compressive (rcomp) and flexural strength (rflex) after 1, 28, 90 and 140 days of curing, of all tested combinations.

Mix Composition 1 day 28 days 90 days 140 days

OPC (%) FA L rcomp (MPa) rflex rcomp (MPa) rflex rcomp (MPa) rflex rcomp (MPa) rflex

1 100 0 0 22.9 4.9 47.5 7.9 56.5 8.3 58.7 8.4
2 95 0 5 21.4 4.9 46.6 7.7 50.6 8.1 52.7 7.8
3 90 0 10 21.7 4.8 45.5 8.0 50.9 7.9 51.1 7.8
4 85 0 15 20.6 4.3 44.3 7.4 47.7 7.6 47.8 7.8
5 80 0 20 20.3 4.6 42.5 7.6 45.1 7.4 44.9 7.1
6 75 0 25 18.0 3.8 39.1 7.3 42.8 7.6 43.6 7.2
7 70 0 30 16.3 3.6 36.9 6.9 40.4 6.9 40.9 5.9
8 65 0 35 14.2 3.4 34.4 6.4 37.5 7.1 37.2 6.2
9 95 5 0 21.2 4.4 46.9 7.6 54.9 8.1 56.8 7.7

10 90 10 0 21.4 4.3 47.6 7.8 54.9 8.1 57.2 7.3
11 85 15 0 19.1 4.5 47.8 8.0 58.4 8.0 61.4 8.5
12 80 20 0 17.0 3.9 44.6 7.8 58.2 8.0 60.2 7.8
13 75 25 0 15.8 3.8 42.6 7.4 58.2 7.7 62.3 8.5
14 70 30 0 14.1 3.4 41.4 7.3 55.1 7.7 59.9 8.2
15 65 35 0 12.3 3.0 38.3 6.8 54.4 7.4 60.2 7.5
16 65 30 5 13.2 3.3 41.2 7.6 56.9 8.6 61.1 9.2
17 65 25 10 13.3 3.2 41.2 7.9 54.5 8.3 59.0 8.4
18 65 20 15 12.9 3.3 38.6 7.2 51.4 7.9 55.8 8.2
19 65 15 20 14.2 3.3 37.5 7.2 48.9 8.1 52.5 8.4
20 65 10 25 13.9 3.1 35.4 6.8 44.7 7.3 48.0 7.1
21 65 5 30 14.6 3.4 35.7 6.7 42.1 7.5 42.7 7.2
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3. Results

3.1. Flexural and compressive strength

The compressive and flexural strength of the limestone blended
cements decrease with increasing limestone powder replacement
at all ages from 1 to 140 days (Fig. 1A and B). The main compres-
sive and flexural strength gain takes place during the first 28 days
of curing as might be expected. The flexural strength and the com-
pressive strength do not seem to change after 28 and 90 days of
curing, respectively.

The compressive and flexural strength after 1 day of curing de-
creases with increasing fly ash replacement for the fly ash blended
cements (Fig. 1C and D). The fly ash blended cements containing up
to 15% fly ash obtain a similar compressive strength as the OPC ref-
erence after 28 days, while higher replacement levels lead to a
reduction in compressive strength. After 90 and 140 days of curing,
all tested fly ash blended cements reach compressive and flexural
strength levels equal to the OPC reference regardless of the fly ash
content. The main strength development occurs during the first
28 days. However, there is still a considerable strength increase be-
tween 28 and 90, and 90 and 140 days especially for the mixes con-
taining large volumes of fly ash (>15%). The flexural strength, on
the other hand, does not change greatly after 28 days of curing.

Table 3 shows the compressive and flexural strength results of
the different tested combinations. It can be seen that at the same
replacement level the limestone blended cements (mix 2–8) devel-
op a slightly higher strength than the fly ash blended cements (mix
9–15) after 1 day. After 28 days, however, the fly ash blended ce-
ments surpass the limestone blended cements and at 90 and
140 days the gap between the two increases with increasing
replacement level.

The compressive and flexural strength results for the composite
cements containing 65% OPC and 35% of a combination of limestone
powder and fly ash are shown in Fig. 1E and F. After 1 day of curing,
limestone powder seems to promote the early age hydration more
than fly ash as the compressive strength tends to increase as lime-
stone replaces fly ash. After 28 days, on the other hand, the blend
with 35% limestone powder has an average compressive strength
of 34.4 MPa and the one with 35% fly ash 38.3 MPa (Table 3).

The maximum 28 day compressive strength is obtained for the
mixes containing 30% fly ash and 5% limestone (41.2 MPa) or 25%

fly ash and 10% limestone powder (41.2 MPa). Up to 15% limestone
powder (38.6 ± 0.8 MPa) can be used instead of fly ash without
impairing the strength at 28 days relative to the 65% OPC and
35% FA blend (38.3 ± 0.4 MPa). A compressive strength increase
of about 8% was obtained at 28 days when replacing 5% fly ash
by 5% limestone in the 35% fly ash mix. This is comparable to the
about 10% compressive strength increase reported after 28 days
of curing in our preceding study [15] for a parallel series of the
same mixes. After 90 days of curing a similar but slightly smaller
strength increase when replacing a small part of the fly ash with
limestone powder in the composite cements can be observed
(Fig. 3E, Table 3). A strength increase of 5% is obtained (54.4 MPa
versus 56.9 MPa). The effect is further reduced at 140 days. At this
age similar strength performances are obtained for the 35% fly ash
and 30% fly ash and 5% limestone blends (60.2 MPa versus
61.1 MPa). Replacing 5–10% of the fly ash with limestone appears
also to be beneficial for the flexural strength after 28, 90 and
140 days. The main compressive and flexural strength develop-
ment occurs during the first 28 days. After 28 and even 90 days
there is considerable compressive and flexural strength increase
for the mixes with high fly ash content. When comparing mix 14
(70% OPC and 30% fly ash) and mix 16 (65% OPC, 5% limestone
and 30% fly ash), it can be seen that they develop about the same
compressive strength at all tested ages, indicating that 5% of OPC
can be replaced by limestone powder in a Portland fly ash cement
without impairing the strength.

3.2. Amount of bound water (H) and calcium hydroxide (CH)

Fig. 2 shows the amount of bound water (H) relative to the dry
content and the OPC content.

Both for the limestone and fly ash blended cements, the amount of
bound water per dry content decreases (Fig. 2A and C), and the
amount of bound water relative to the OPC content increases
(Fig. 2B and D), with increasing replacement level, except for the
5% replacement of the OPC with limestone powder that shows no
reduction in the amount of bound water relative to the dry content.

The amount of bound water for the composite cements contain-
ing 65% OPC and 35% of a combination of fly ash and limestone powder
(Fig. 2E) is similar for all tested combinations after 1 day of curing.
However, the amount of bound water increases as limestone pow-
der and fly ash are combined instead of just using one of them after

Table 3
Compressive (rcomp) and flexural strength (rflex) after 1, 28, 90 and 140 days of curing, of all tested combinations.

Mix Composition 1 day 28 days 90 days 140 days

OPC (%) FA L rcomp (MPa) rflex rcomp (MPa) rflex rcomp (MPa) rflex rcomp (MPa) rflex

1 100 0 0 22.9 4.9 47.5 7.9 56.5 8.3 58.7 8.4
2 95 0 5 21.4 4.9 46.6 7.7 50.6 8.1 52.7 7.8
3 90 0 10 21.7 4.8 45.5 8.0 50.9 7.9 51.1 7.8
4 85 0 15 20.6 4.3 44.3 7.4 47.7 7.6 47.8 7.8
5 80 0 20 20.3 4.6 42.5 7.6 45.1 7.4 44.9 7.1
6 75 0 25 18.0 3.8 39.1 7.3 42.8 7.6 43.6 7.2
7 70 0 30 16.3 3.6 36.9 6.9 40.4 6.9 40.9 5.9
8 65 0 35 14.2 3.4 34.4 6.4 37.5 7.1 37.2 6.2
9 95 5 0 21.2 4.4 46.9 7.6 54.9 8.1 56.8 7.7

10 90 10 0 21.4 4.3 47.6 7.8 54.9 8.1 57.2 7.3
11 85 15 0 19.1 4.5 47.8 8.0 58.4 8.0 61.4 8.5
12 80 20 0 17.0 3.9 44.6 7.8 58.2 8.0 60.2 7.8
13 75 25 0 15.8 3.8 42.6 7.4 58.2 7.7 62.3 8.5
14 70 30 0 14.1 3.4 41.4 7.3 55.1 7.7 59.9 8.2
15 65 35 0 12.3 3.0 38.3 6.8 54.4 7.4 60.2 7.5
16 65 30 5 13.2 3.3 41.2 7.6 56.9 8.6 61.1 9.2
17 65 25 10 13.3 3.2 41.2 7.9 54.5 8.3 59.0 8.4
18 65 20 15 12.9 3.3 38.6 7.2 51.4 7.9 55.8 8.2
19 65 15 20 14.2 3.3 37.5 7.2 48.9 8.1 52.5 8.4
20 65 10 25 13.9 3.1 35.4 6.8 44.7 7.3 48.0 7.1
21 65 5 30 14.6 3.4 35.7 6.7 42.1 7.5 42.7 7.2
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3. Results

3.1. Flexural and compressive strength

The compressive and flexural strength of the limestone blended
cements decrease with increasing limestone powder replacement
at all ages from 1 to 140 days (Fig. 1A and B). The main compres-
sive and flexural strength gain takes place during the first 28 days
of curing as might be expected. The flexural strength and the com-
pressive strength do not seem to change after 28 and 90 days of
curing, respectively.

The compressive and flexural strength after 1 day of curing de-
creases with increasing fly ash replacement for the fly ash blended
cements (Fig. 1C and D). The fly ash blended cements containing up
to 15% fly ash obtain a similar compressive strength as the OPC ref-
erence after 28 days, while higher replacement levels lead to a
reduction in compressive strength. After 90 and 140 days of curing,
all tested fly ash blended cements reach compressive and flexural
strength levels equal to the OPC reference regardless of the fly ash
content. The main strength development occurs during the first
28 days. However, there is still a considerable strength increase be-
tween 28 and 90, and 90 and 140 days especially for the mixes con-
taining large volumes of fly ash (>15%). The flexural strength, on
the other hand, does not change greatly after 28 days of curing.

Table 3 shows the compressive and flexural strength results of
the different tested combinations. It can be seen that at the same
replacement level the limestone blended cements (mix 2–8) devel-
op a slightly higher strength than the fly ash blended cements (mix
9–15) after 1 day. After 28 days, however, the fly ash blended ce-
ments surpass the limestone blended cements and at 90 and
140 days the gap between the two increases with increasing
replacement level.

The compressive and flexural strength results for the composite
cements containing 65% OPC and 35% of a combination of limestone
powder and fly ash are shown in Fig. 1E and F. After 1 day of curing,
limestone powder seems to promote the early age hydration more
than fly ash as the compressive strength tends to increase as lime-
stone replaces fly ash. After 28 days, on the other hand, the blend
with 35% limestone powder has an average compressive strength
of 34.4 MPa and the one with 35% fly ash 38.3 MPa (Table 3).

The maximum 28 day compressive strength is obtained for the
mixes containing 30% fly ash and 5% limestone (41.2 MPa) or 25%

fly ash and 10% limestone powder (41.2 MPa). Up to 15% limestone
powder (38.6 ± 0.8 MPa) can be used instead of fly ash without
impairing the strength at 28 days relative to the 65% OPC and
35% FA blend (38.3 ± 0.4 MPa). A compressive strength increase
of about 8% was obtained at 28 days when replacing 5% fly ash
by 5% limestone in the 35% fly ash mix. This is comparable to the
about 10% compressive strength increase reported after 28 days
of curing in our preceding study [15] for a parallel series of the
same mixes. After 90 days of curing a similar but slightly smaller
strength increase when replacing a small part of the fly ash with
limestone powder in the composite cements can be observed
(Fig. 3E, Table 3). A strength increase of 5% is obtained (54.4 MPa
versus 56.9 MPa). The effect is further reduced at 140 days. At this
age similar strength performances are obtained for the 35% fly ash
and 30% fly ash and 5% limestone blends (60.2 MPa versus
61.1 MPa). Replacing 5–10% of the fly ash with limestone appears
also to be beneficial for the flexural strength after 28, 90 and
140 days. The main compressive and flexural strength develop-
ment occurs during the first 28 days. After 28 and even 90 days
there is considerable compressive and flexural strength increase
for the mixes with high fly ash content. When comparing mix 14
(70% OPC and 30% fly ash) and mix 16 (65% OPC, 5% limestone
and 30% fly ash), it can be seen that they develop about the same
compressive strength at all tested ages, indicating that 5% of OPC
can be replaced by limestone powder in a Portland fly ash cement
without impairing the strength.

3.2. Amount of bound water (H) and calcium hydroxide (CH)

Fig. 2 shows the amount of bound water (H) relative to the dry
content and the OPC content.

Both for the limestone and fly ash blended cements, the amount of
bound water per dry content decreases (Fig. 2A and C), and the
amount of bound water relative to the OPC content increases
(Fig. 2B and D), with increasing replacement level, except for the
5% replacement of the OPC with limestone powder that shows no
reduction in the amount of bound water relative to the dry content.

The amount of bound water for the composite cements contain-
ing 65% OPC and 35% of a combination of fly ash and limestone powder
(Fig. 2E) is similar for all tested combinations after 1 day of curing.
However, the amount of bound water increases as limestone pow-
der and fly ash are combined instead of just using one of them after

Table 3
Compressive (rcomp) and flexural strength (rflex) after 1, 28, 90 and 140 days of curing, of all tested combinations.

Mix Composition 1 day 28 days 90 days 140 days

OPC (%) FA L rcomp (MPa) rflex rcomp (MPa) rflex rcomp (MPa) rflex rcomp (MPa) rflex

1 100 0 0 22.9 4.9 47.5 7.9 56.5 8.3 58.7 8.4
2 95 0 5 21.4 4.9 46.6 7.7 50.6 8.1 52.7 7.8
3 90 0 10 21.7 4.8 45.5 8.0 50.9 7.9 51.1 7.8
4 85 0 15 20.6 4.3 44.3 7.4 47.7 7.6 47.8 7.8
5 80 0 20 20.3 4.6 42.5 7.6 45.1 7.4 44.9 7.1
6 75 0 25 18.0 3.8 39.1 7.3 42.8 7.6 43.6 7.2
7 70 0 30 16.3 3.6 36.9 6.9 40.4 6.9 40.9 5.9
8 65 0 35 14.2 3.4 34.4 6.4 37.5 7.1 37.2 6.2
9 95 5 0 21.2 4.4 46.9 7.6 54.9 8.1 56.8 7.7

10 90 10 0 21.4 4.3 47.6 7.8 54.9 8.1 57.2 7.3
11 85 15 0 19.1 4.5 47.8 8.0 58.4 8.0 61.4 8.5
12 80 20 0 17.0 3.9 44.6 7.8 58.2 8.0 60.2 7.8
13 75 25 0 15.8 3.8 42.6 7.4 58.2 7.7 62.3 8.5
14 70 30 0 14.1 3.4 41.4 7.3 55.1 7.7 59.9 8.2
15 65 35 0 12.3 3.0 38.3 6.8 54.4 7.4 60.2 7.5
16 65 30 5 13.2 3.3 41.2 7.6 56.9 8.6 61.1 9.2
17 65 25 10 13.3 3.2 41.2 7.9 54.5 8.3 59.0 8.4
18 65 20 15 12.9 3.3 38.6 7.2 51.4 7.9 55.8 8.2
19 65 15 20 14.2 3.3 37.5 7.2 48.9 8.1 52.5 8.4
20 65 10 25 13.9 3.1 35.4 6.8 44.7 7.3 48.0 7.1
21 65 5 30 14.6 3.4 35.7 6.7 42.1 7.5 42.7 7.2
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3. Results
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The compressive and flexural strength of the limestone blended
cements decrease with increasing limestone powder replacement
at all ages from 1 to 140 days (Fig. 1A and B). The main compres-
sive and flexural strength gain takes place during the first 28 days
of curing as might be expected. The flexural strength and the com-
pressive strength do not seem to change after 28 and 90 days of
curing, respectively.

The compressive and flexural strength after 1 day of curing de-
creases with increasing fly ash replacement for the fly ash blended
cements (Fig. 1C and D). The fly ash blended cements containing up
to 15% fly ash obtain a similar compressive strength as the OPC ref-
erence after 28 days, while higher replacement levels lead to a
reduction in compressive strength. After 90 and 140 days of curing,
all tested fly ash blended cements reach compressive and flexural
strength levels equal to the OPC reference regardless of the fly ash
content. The main strength development occurs during the first
28 days. However, there is still a considerable strength increase be-
tween 28 and 90, and 90 and 140 days especially for the mixes con-
taining large volumes of fly ash (>15%). The flexural strength, on
the other hand, does not change greatly after 28 days of curing.

Table 3 shows the compressive and flexural strength results of
the different tested combinations. It can be seen that at the same
replacement level the limestone blended cements (mix 2–8) devel-
op a slightly higher strength than the fly ash blended cements (mix
9–15) after 1 day. After 28 days, however, the fly ash blended ce-
ments surpass the limestone blended cements and at 90 and
140 days the gap between the two increases with increasing
replacement level.

The compressive and flexural strength results for the composite
cements containing 65% OPC and 35% of a combination of limestone
powder and fly ash are shown in Fig. 1E and F. After 1 day of curing,
limestone powder seems to promote the early age hydration more
than fly ash as the compressive strength tends to increase as lime-
stone replaces fly ash. After 28 days, on the other hand, the blend
with 35% limestone powder has an average compressive strength
of 34.4 MPa and the one with 35% fly ash 38.3 MPa (Table 3).

The maximum 28 day compressive strength is obtained for the
mixes containing 30% fly ash and 5% limestone (41.2 MPa) or 25%

fly ash and 10% limestone powder (41.2 MPa). Up to 15% limestone
powder (38.6 ± 0.8 MPa) can be used instead of fly ash without
impairing the strength at 28 days relative to the 65% OPC and
35% FA blend (38.3 ± 0.4 MPa). A compressive strength increase
of about 8% was obtained at 28 days when replacing 5% fly ash
by 5% limestone in the 35% fly ash mix. This is comparable to the
about 10% compressive strength increase reported after 28 days
of curing in our preceding study [15] for a parallel series of the
same mixes. After 90 days of curing a similar but slightly smaller
strength increase when replacing a small part of the fly ash with
limestone powder in the composite cements can be observed
(Fig. 3E, Table 3). A strength increase of 5% is obtained (54.4 MPa
versus 56.9 MPa). The effect is further reduced at 140 days. At this
age similar strength performances are obtained for the 35% fly ash
and 30% fly ash and 5% limestone blends (60.2 MPa versus
61.1 MPa). Replacing 5–10% of the fly ash with limestone appears
also to be beneficial for the flexural strength after 28, 90 and
140 days. The main compressive and flexural strength develop-
ment occurs during the first 28 days. After 28 and even 90 days
there is considerable compressive and flexural strength increase
for the mixes with high fly ash content. When comparing mix 14
(70% OPC and 30% fly ash) and mix 16 (65% OPC, 5% limestone
and 30% fly ash), it can be seen that they develop about the same
compressive strength at all tested ages, indicating that 5% of OPC
can be replaced by limestone powder in a Portland fly ash cement
without impairing the strength.

3.2. Amount of bound water (H) and calcium hydroxide (CH)

Fig. 2 shows the amount of bound water (H) relative to the dry
content and the OPC content.

Both for the limestone and fly ash blended cements, the amount of
bound water per dry content decreases (Fig. 2A and C), and the
amount of bound water relative to the OPC content increases
(Fig. 2B and D), with increasing replacement level, except for the
5% replacement of the OPC with limestone powder that shows no
reduction in the amount of bound water relative to the dry content.

The amount of bound water for the composite cements contain-
ing 65% OPC and 35% of a combination of fly ash and limestone powder
(Fig. 2E) is similar for all tested combinations after 1 day of curing.
However, the amount of bound water increases as limestone pow-
der and fly ash are combined instead of just using one of them after

Table 3
Compressive (rcomp) and flexural strength (rflex) after 1, 28, 90 and 140 days of curing, of all tested combinations.

Mix Composition 1 day 28 days 90 days 140 days

OPC (%) FA L rcomp (MPa) rflex rcomp (MPa) rflex rcomp (MPa) rflex rcomp (MPa) rflex

1 100 0 0 22.9 4.9 47.5 7.9 56.5 8.3 58.7 8.4
2 95 0 5 21.4 4.9 46.6 7.7 50.6 8.1 52.7 7.8
3 90 0 10 21.7 4.8 45.5 8.0 50.9 7.9 51.1 7.8
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28, 90 and 140 days. The maximum amount is obtained for 25% fly
ash and 10% limestone powder after 90 and 140 days.

The main part of the bound water is bound during the first day
and the following 28 days. The amount of bound water increases
slightly up to 90 days, but generally does not change thereafter.

Fig. 3 depicts the calcium hydroxide content (CH) both relative
to the dry content and the OPC content.

The CH content per dry content decreases with increasing lime-
stone or fly ash replacement for the fly ash and limestone blended
cements (Fig. 3A and C). The CH content per OPC increases with
increasing limestone or fly ash replacement at 1 day (Fig. 3B and

D). However at later ages, different trends are observed for lime-
stone and fly ash blended cements. For the limestone blended ce-
ments there is a decreasing trend in the CH content per OPC at
5–10% limestone, but the amount tends to increase again at higher
replacement levels. For the fly ash blended cementswith high fly ash
content (P20%) a decrease in CH content can be observed after
28 days. The higher the fly ash content, the more prominent is
the CH reduction.

The CH content for the composite cements containing 65% OPC
and 35% of a combination of fly ash and limestone powder is similar
for all tested combinations after 1 day (Fig. 3E). At later ages, the
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28, 90 and 140 days. The maximum amount is obtained for 25% fly
ash and 10% limestone powder after 90 and 140 days.

The main part of the bound water is bound during the first day
and the following 28 days. The amount of bound water increases
slightly up to 90 days, but generally does not change thereafter.

Fig. 3 depicts the calcium hydroxide content (CH) both relative
to the dry content and the OPC content.

The CH content per dry content decreases with increasing lime-
stone or fly ash replacement for the fly ash and limestone blended
cements (Fig. 3A and C). The CH content per OPC increases with
increasing limestone or fly ash replacement at 1 day (Fig. 3B and

D). However at later ages, different trends are observed for lime-
stone and fly ash blended cements. For the limestone blended ce-
ments there is a decreasing trend in the CH content per OPC at
5–10% limestone, but the amount tends to increase again at higher
replacement levels. For the fly ash blended cementswith high fly ash
content (P20%) a decrease in CH content can be observed after
28 days. The higher the fly ash content, the more prominent is
the CH reduction.

The CH content for the composite cements containing 65% OPC
and 35% of a combination of fly ash and limestone powder is similar
for all tested combinations after 1 day (Fig. 3E). At later ages, the
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28, 90 and 140 days. The maximum amount is obtained for 25% fly
ash and 10% limestone powder after 90 and 140 days.

The main part of the bound water is bound during the first day
and the following 28 days. The amount of bound water increases
slightly up to 90 days, but generally does not change thereafter.

Fig. 3 depicts the calcium hydroxide content (CH) both relative
to the dry content and the OPC content.

The CH content per dry content decreases with increasing lime-
stone or fly ash replacement for the fly ash and limestone blended
cements (Fig. 3A and C). The CH content per OPC increases with
increasing limestone or fly ash replacement at 1 day (Fig. 3B and

D). However at later ages, different trends are observed for lime-
stone and fly ash blended cements. For the limestone blended ce-
ments there is a decreasing trend in the CH content per OPC at
5–10% limestone, but the amount tends to increase again at higher
replacement levels. For the fly ash blended cementswith high fly ash
content (P20%) a decrease in CH content can be observed after
28 days. The higher the fly ash content, the more prominent is
the CH reduction.

The CH content for the composite cements containing 65% OPC
and 35% of a combination of fly ash and limestone powder is similar
for all tested combinations after 1 day (Fig. 3E). At later ages, the
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28, 90 and 140 days. The maximum amount is obtained for 25% fly
ash and 10% limestone powder after 90 and 140 days.

The main part of the bound water is bound during the first day
and the following 28 days. The amount of bound water increases
slightly up to 90 days, but generally does not change thereafter.

Fig. 3 depicts the calcium hydroxide content (CH) both relative
to the dry content and the OPC content.

The CH content per dry content decreases with increasing lime-
stone or fly ash replacement for the fly ash and limestone blended
cements (Fig. 3A and C). The CH content per OPC increases with
increasing limestone or fly ash replacement at 1 day (Fig. 3B and

D). However at later ages, different trends are observed for lime-
stone and fly ash blended cements. For the limestone blended ce-
ments there is a decreasing trend in the CH content per OPC at
5–10% limestone, but the amount tends to increase again at higher
replacement levels. For the fly ash blended cementswith high fly ash
content (P20%) a decrease in CH content can be observed after
28 days. The higher the fly ash content, the more prominent is
the CH reduction.

The CH content for the composite cements containing 65% OPC
and 35% of a combination of fly ash and limestone powder is similar
for all tested combinations after 1 day (Fig. 3E). At later ages, the
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CH content tends to decrease with increasing fly ash content. How-
ever, the combination containing 35% fly ash does not show the
minimum CH content. Interestingly, the minimum is reached for
the combination containing 30% fly ash and 5% limestone.

3.3. Changes in the hydration products

Fig. 4 depicts the thermogravimetric curves (TG-curves) and the
differential thermogravimetric curves (DTG-curves) for 100% OPC
cement and 100% OPC + 5% L after 28 and 140 days of hydration.

Fig. 5 shows the corresponding curves for 65% OPC + 35% fly ash
and 65% OPC + 30% fly ash + 5% limestone. The dark curves repre-
sent the combinations without limestone powder and the brighter
curves those containing 5% limestone powder. From Fig. 4 it can be
seen that the limestone containing cement (95% OPC + 5% lime-
stone) binds about the same amount of water as the reference
(100% OPC) after both 28 and 140 days of curing, as their total
weight loss at about 550 �C is similar. Some differences can be ob-
served between the DTG-curves of the two cements. The peak
above 100 �C, partially due to the decomposition of ettringite
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CH content tends to decrease with increasing fly ash content. How-
ever, the combination containing 35% fly ash does not show the
minimum CH content. Interestingly, the minimum is reached for
the combination containing 30% fly ash and 5% limestone.

3.3. Changes in the hydration products

Fig. 4 depicts the thermogravimetric curves (TG-curves) and the
differential thermogravimetric curves (DTG-curves) for 100% OPC
cement and 100% OPC + 5% L after 28 and 140 days of hydration.

Fig. 5 shows the corresponding curves for 65% OPC + 35% fly ash
and 65% OPC + 30% fly ash + 5% limestone. The dark curves repre-
sent the combinations without limestone powder and the brighter
curves those containing 5% limestone powder. From Fig. 4 it can be
seen that the limestone containing cement (95% OPC + 5% lime-
stone) binds about the same amount of water as the reference
(100% OPC) after both 28 and 140 days of curing, as their total
weight loss at about 550 �C is similar. Some differences can be ob-
served between the DTG-curves of the two cements. The peak
above 100 �C, partially due to the decomposition of ettringite
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CH content tends to decrease with increasing fly ash content. How-
ever, the combination containing 35% fly ash does not show the
minimum CH content. Interestingly, the minimum is reached for
the combination containing 30% fly ash and 5% limestone.

3.3. Changes in the hydration products

Fig. 4 depicts the thermogravimetric curves (TG-curves) and the
differential thermogravimetric curves (DTG-curves) for 100% OPC
cement and 100% OPC + 5% L after 28 and 140 days of hydration.

Fig. 5 shows the corresponding curves for 65% OPC + 35% fly ash
and 65% OPC + 30% fly ash + 5% limestone. The dark curves repre-
sent the combinations without limestone powder and the brighter
curves those containing 5% limestone powder. From Fig. 4 it can be
seen that the limestone containing cement (95% OPC + 5% lime-
stone) binds about the same amount of water as the reference
(100% OPC) after both 28 and 140 days of curing, as their total
weight loss at about 550 �C is similar. Some differences can be ob-
served between the DTG-curves of the two cements. The peak
above 100 �C, partially due to the decomposition of ettringite
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CH content tends to decrease with increasing fly ash content. How-
ever, the combination containing 35% fly ash does not show the
minimum CH content. Interestingly, the minimum is reached for
the combination containing 30% fly ash and 5% limestone.

3.3. Changes in the hydration products

Fig. 4 depicts the thermogravimetric curves (TG-curves) and the
differential thermogravimetric curves (DTG-curves) for 100% OPC
cement and 100% OPC + 5% L after 28 and 140 days of hydration.

Fig. 5 shows the corresponding curves for 65% OPC + 35% fly ash
and 65% OPC + 30% fly ash + 5% limestone. The dark curves repre-
sent the combinations without limestone powder and the brighter
curves those containing 5% limestone powder. From Fig. 4 it can be
seen that the limestone containing cement (95% OPC + 5% lime-
stone) binds about the same amount of water as the reference
(100% OPC) after both 28 and 140 days of curing, as their total
weight loss at about 550 �C is similar. Some differences can be ob-
served between the DTG-curves of the two cements. The peak
above 100 �C, partially due to the decomposition of ettringite
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(AFt), is larger in the presence of limestone, showing that lime-
stone powder seems to stabilize the ettringite as expected
[8,9,11,13,17]. The limestone containing cement has a clear single
peak at about 180 �C whereas the reference develops a smaller
peak with a slight shoulder at higher temperatures. These peaks
are associated with the decomposition of AFm phases such as
monosulphate, mono- and hemicarbonate [19].

From Fig. 5 it can be seen that when 5% fly ash is replaced by 5%
limestone powder slightly more water is bound. When the DTG-
curves of the two cements are compared, similar observations
can be made as for Fig. 4, except that the effect tends to be more
pronounced.

In Fig. 6 the X-ray diffraction patterns at low angle (8–13�2h) for
the different tested combinations cured for 1, 28, 90 and 140 days
are shown. After 1 day of hydration the diffraction pattern of the
different tested mixes are quite similar, as they all contain ettring-
ite (9.1 2h) and some hemicarbonate (10.8 2h).

At later ages (28, 90 and 140 days), ettringite, calciummonocar-
bonate hydrate (11.7 2h) and calcium hemicarbonate hydrate are
formed in the mixes containing limestone powder. In the absence
of limestone only calciummonosulphate hydrate and ettringite are
observed. Two types of monosulphate were observed: monos-
ulpoaluminate (Ms, 9.9 2h) and hydroxyl-AFm type solid solution
(Ms�, 10.4 2h) in which part of sulphate is substituted by hydrox-
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(AFt), is larger in the presence of limestone, showing that lime-
stone powder seems to stabilize the ettringite as expected
[8,9,11,13,17]. The limestone containing cement has a clear single
peak at about 180 �C whereas the reference develops a smaller
peak with a slight shoulder at higher temperatures. These peaks
are associated with the decomposition of AFm phases such as
monosulphate, mono- and hemicarbonate [19].

From Fig. 5 it can be seen that when 5% fly ash is replaced by 5%
limestone powder slightly more water is bound. When the DTG-
curves of the two cements are compared, similar observations
can be made as for Fig. 4, except that the effect tends to be more
pronounced.

In Fig. 6 the X-ray diffraction patterns at low angle (8–13�2h) for
the different tested combinations cured for 1, 28, 90 and 140 days
are shown. After 1 day of hydration the diffraction pattern of the
different tested mixes are quite similar, as they all contain ettring-
ite (9.1 2h) and some hemicarbonate (10.8 2h).

At later ages (28, 90 and 140 days), ettringite, calciummonocar-
bonate hydrate (11.7 2h) and calcium hemicarbonate hydrate are
formed in the mixes containing limestone powder. In the absence
of limestone only calciummonosulphate hydrate and ettringite are
observed. Two types of monosulphate were observed: monos-
ulpoaluminate (Ms, 9.9 2h) and hydroxyl-AFm type solid solution
(Ms�, 10.4 2h) in which part of sulphate is substituted by hydrox-
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(AFt), is larger in the presence of limestone, showing that lime-
stone powder seems to stabilize the ettringite as expected
[8,9,11,13,17]. The limestone containing cement has a clear single
peak at about 180 �C whereas the reference develops a smaller
peak with a slight shoulder at higher temperatures. These peaks
are associated with the decomposition of AFm phases such as
monosulphate, mono- and hemicarbonate [19].

From Fig. 5 it can be seen that when 5% fly ash is replaced by 5%
limestone powder slightly more water is bound. When the DTG-
curves of the two cements are compared, similar observations
can be made as for Fig. 4, except that the effect tends to be more
pronounced.

In Fig. 6 the X-ray diffraction patterns at low angle (8–13�2h) for
the different tested combinations cured for 1, 28, 90 and 140 days
are shown. After 1 day of hydration the diffraction pattern of the
different tested mixes are quite similar, as they all contain ettring-
ite (9.1 2h) and some hemicarbonate (10.8 2h).

At later ages (28, 90 and 140 days), ettringite, calciummonocar-
bonate hydrate (11.7 2h) and calcium hemicarbonate hydrate are
formed in the mixes containing limestone powder. In the absence
of limestone only calciummonosulphate hydrate and ettringite are
observed. Two types of monosulphate were observed: monos-
ulpoaluminate (Ms, 9.9 2h) and hydroxyl-AFm type solid solution
(Ms�, 10.4 2h) in which part of sulphate is substituted by hydrox-
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(AFt), is larger in the presence of limestone, showing that lime-
stone powder seems to stabilize the ettringite as expected
[8,9,11,13,17]. The limestone containing cement has a clear single
peak at about 180 �C whereas the reference develops a smaller
peak with a slight shoulder at higher temperatures. These peaks
are associated with the decomposition of AFm phases such as
monosulphate, mono- and hemicarbonate [19].

From Fig. 5 it can be seen that when 5% fly ash is replaced by 5%
limestone powder slightly more water is bound. When the DTG-
curves of the two cements are compared, similar observations
can be made as for Fig. 4, except that the effect tends to be more
pronounced.

In Fig. 6 the X-ray diffraction patterns at low angle (8–13�2h) for
the different tested combinations cured for 1, 28, 90 and 140 days
are shown. After 1 day of hydration the diffraction pattern of the
different tested mixes are quite similar, as they all contain ettring-
ite (9.1 2h) and some hemicarbonate (10.8 2h).

At later ages (28, 90 and 140 days), ettringite, calciummonocar-
bonate hydrate (11.7 2h) and calcium hemicarbonate hydrate are
formed in the mixes containing limestone powder. In the absence
of limestone only calciummonosulphate hydrate and ettringite are
observed. Two types of monosulphate were observed: monos-
ulpoaluminate (Ms, 9.9 2h) and hydroxyl-AFm type solid solution
(Ms�, 10.4 2h) in which part of sulphate is substituted by hydrox-
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ides [9,11]. Note that these results were not interpreted quantita-
tively. The AFm and AFt phases were found to be very sensitive and
tended to decompose upon handling, as can be seen from 100%
OPC mix at 90 days in which all of the AFt and AFm phases have
disappeared.

4. Discussion

The compressive strength of limestone blended cement decreases
with increasing OPC replacement at all tested ages. In a previous
study [17], up to 15% of the OPC could be replaced by limestone
powder without impairing the compressive strength after 28 days
of curing under the same curing conditions. Similar results were
also obtained by others [2,20]. However, no strength increase
was observed at low replacement levels in this study. It should
be noted that the effect of limestone powder on the compressive
strength is likely to be more pronounced at lower w/b ratios [21].

According to the thermogravimetric results (H and CH), two
mechanisms can be distinguished: the filler effect related to the in-
crease of the amount of bound water (H) and calcium hydroxide
(CH) relative to the OPC content with increasing replacement of
OPC with limestone (Figs. 2B and 3B). Indeed, replacing OPC with
limestone raises the effective water to OPC ratio, and the limestone
powder provides additional surface for the precipitation of hy-
drates; both effects promote clinker hydration. And the dilution ef-
fect is caused by the reduction in the amount of the most reactive
component, OPC, in the system. At replacement levels larger than
5%, the H and CH per dry content and the compressive strength de-
crease with increasing replacement of OPC by limestone indicating
that the filler effect can not compensate for the dilution effect at all
tested ages (Figs. 2A and 3A).

At low limestone replacement (up to 10%) of the OPC, the
amount of bound water per OPC increases (Fig. 2B), but at the same
time the amount of CH per OPC decreases after 28, 90 and 140 days
(Fig. 3B). During the hydration of OPC, an increase in the amount of
CH is generally accompanied by an increase in the amount of H,
such as during the hydration of the main clinker mineral alite
(C3S): C3S + 2.3 H? C1.7SH + 1.3 CH. The decrease in CH therefore
indicates a change in the nature of the hydration products formed,
which is confirmed by the changes in the TG and DTG (see Fig. 4).
The presence of limestone leads to the formation of carboalumi-
nate hydrates, as observed with XRD (Fig. 6). This reaction might
cause the decrease in CH as reported in previous studies
[8,9,11,13,17]. The increase of the amount of CH per OPC for higher
replacement (>10%) can be related to a larger filler effect promot-

ing the CH production which compensates for the consumption of
CH by the hemicarbonate formation [7], or the formation of mono-
carboaluminate instead of hemicarboaluminate, which does not
consume CH [6,9,11].

For the fly ash blended cement it was observed that fly ash, sim-
ilar to the limestone powder, exerts a filler effect on the OPC hydra-
tion which does not compensate for the dilution effect after 1 day:
increasing H and CH per OPC, but decreasing it per dry content, as
well as decreasing the compressive and flexural strength with
increasing OPC replacement. At later ages, the pozzolanic reaction
of the fly ash plays an important role for the fly ash blended ce-
ments. Contrary to the limestone blended cements, there is still a
considerable strength increase after 28 days with higher replace-
ment levels as expected. The extent of the fly ash reaction is re-
cently documented in [18]. The amount of CH gives an indication
for the pozzolanic reactivity of the fly ash, as fly ash consumes
CH during its pozzolanic reaction. Care should be taken when
interpreting these results as the filler effect of the fly ash initially
increases the CH/OPC content with increasing fly ash content.
However, after 28 days a consumption of CH can be observed for
the fly ash blended cements with high fly ash content (>20%)
(Fig. 3D). Furthermore, the dissolved species from the fly ash
may also react directly with the C–S–H gel [22–24]. The latter reac-
tion mechanism would lower the Ca/Si ratio and possibly increase
the Al/Si ratio in the C–S–H gel.

An OPC or a limestone containing cement shows an almost lin-
ear trend between compressive strength and the amount of bound
water (H) (Figs. 1C and 2C) [15]. However, this relation is not valid
in the case of FA blended cements due to two major facts: curing
conditions and the nature of the pozzolanic reaction products.
The mortars were stored in saturated CH solution, whereas the
paste samples were cured under sealed conditions. The pozzolanic
reaction might in the case of the mortar samples have been altered
due to the continuous access to water and CH and a possible leach-
ing of alkali (pH solution 12.5, pH mortar 13.5). The pozzolanic
reaction products of the fly ash were found to enhance the
mechanical properties without necessarily binding more water
than what is inherent in the CH.

At all tested ages, 5% of the fly ash in the blended fly ash cement
(65% OPC + 35% fly ash) can be replaced with limestone powder
(resulting in 65% OPC + 30% fly ash + 5% limestone) without
impairing the compressive and flexural strength (Fig. 1E and F).
At 28 days a compressive strength increase of 8% is observed, how-
ever the effect diminishes over time: 5% increase at 90 and 2% at
140 days. The increasing contribution of the pozzolanic reaction
of fly ash to the compressive strength, probably explains the reduc-

Fig. 6. X-ray diffraction patterns at low diffraction angle (8–13�2h) for 100% OPC, 95% OPC + 5% L, 65% OPC + 35% FA and 65% OPC + 30% FA + 5% L after 1, 28, 90 and 140 days
of sealed curing (E = ettringite, Ms = monosulphate, Ms� = hydroxyl-AFm, Hc = hemicarbonate, Mc = monocarbonate).
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ides [9,11]. Note that these results were not interpreted quantita-
tively. The AFm and AFt phases were found to be very sensitive and
tended to decompose upon handling, as can be seen from 100%
OPC mix at 90 days in which all of the AFt and AFm phases have
disappeared.

4. Discussion

The compressive strength of limestone blended cement decreases
with increasing OPC replacement at all tested ages. In a previous
study [17], up to 15% of the OPC could be replaced by limestone
powder without impairing the compressive strength after 28 days
of curing under the same curing conditions. Similar results were
also obtained by others [2,20]. However, no strength increase
was observed at low replacement levels in this study. It should
be noted that the effect of limestone powder on the compressive
strength is likely to be more pronounced at lower w/b ratios [21].

According to the thermogravimetric results (H and CH), two
mechanisms can be distinguished: the filler effect related to the in-
crease of the amount of bound water (H) and calcium hydroxide
(CH) relative to the OPC content with increasing replacement of
OPC with limestone (Figs. 2B and 3B). Indeed, replacing OPC with
limestone raises the effective water to OPC ratio, and the limestone
powder provides additional surface for the precipitation of hy-
drates; both effects promote clinker hydration. And the dilution ef-
fect is caused by the reduction in the amount of the most reactive
component, OPC, in the system. At replacement levels larger than
5%, the H and CH per dry content and the compressive strength de-
crease with increasing replacement of OPC by limestone indicating
that the filler effect can not compensate for the dilution effect at all
tested ages (Figs. 2A and 3A).

At low limestone replacement (up to 10%) of the OPC, the
amount of bound water per OPC increases (Fig. 2B), but at the same
time the amount of CH per OPC decreases after 28, 90 and 140 days
(Fig. 3B). During the hydration of OPC, an increase in the amount of
CH is generally accompanied by an increase in the amount of H,
such as during the hydration of the main clinker mineral alite
(C3S): C3S + 2.3 H? C1.7SH + 1.3 CH. The decrease in CH therefore
indicates a change in the nature of the hydration products formed,
which is confirmed by the changes in the TG and DTG (see Fig. 4).
The presence of limestone leads to the formation of carboalumi-
nate hydrates, as observed with XRD (Fig. 6). This reaction might
cause the decrease in CH as reported in previous studies
[8,9,11,13,17]. The increase of the amount of CH per OPC for higher
replacement (>10%) can be related to a larger filler effect promot-

ing the CH production which compensates for the consumption of
CH by the hemicarbonate formation [7], or the formation of mono-
carboaluminate instead of hemicarboaluminate, which does not
consume CH [6,9,11].

For the fly ash blended cement it was observed that fly ash, sim-
ilar to the limestone powder, exerts a filler effect on the OPC hydra-
tion which does not compensate for the dilution effect after 1 day:
increasing H and CH per OPC, but decreasing it per dry content, as
well as decreasing the compressive and flexural strength with
increasing OPC replacement. At later ages, the pozzolanic reaction
of the fly ash plays an important role for the fly ash blended ce-
ments. Contrary to the limestone blended cements, there is still a
considerable strength increase after 28 days with higher replace-
ment levels as expected. The extent of the fly ash reaction is re-
cently documented in [18]. The amount of CH gives an indication
for the pozzolanic reactivity of the fly ash, as fly ash consumes
CH during its pozzolanic reaction. Care should be taken when
interpreting these results as the filler effect of the fly ash initially
increases the CH/OPC content with increasing fly ash content.
However, after 28 days a consumption of CH can be observed for
the fly ash blended cements with high fly ash content (>20%)
(Fig. 3D). Furthermore, the dissolved species from the fly ash
may also react directly with the C–S–H gel [22–24]. The latter reac-
tion mechanism would lower the Ca/Si ratio and possibly increase
the Al/Si ratio in the C–S–H gel.

An OPC or a limestone containing cement shows an almost lin-
ear trend between compressive strength and the amount of bound
water (H) (Figs. 1C and 2C) [15]. However, this relation is not valid
in the case of FA blended cements due to two major facts: curing
conditions and the nature of the pozzolanic reaction products.
The mortars were stored in saturated CH solution, whereas the
paste samples were cured under sealed conditions. The pozzolanic
reaction might in the case of the mortar samples have been altered
due to the continuous access to water and CH and a possible leach-
ing of alkali (pH solution 12.5, pH mortar 13.5). The pozzolanic
reaction products of the fly ash were found to enhance the
mechanical properties without necessarily binding more water
than what is inherent in the CH.

At all tested ages, 5% of the fly ash in the blended fly ash cement
(65% OPC + 35% fly ash) can be replaced with limestone powder
(resulting in 65% OPC + 30% fly ash + 5% limestone) without
impairing the compressive and flexural strength (Fig. 1E and F).
At 28 days a compressive strength increase of 8% is observed, how-
ever the effect diminishes over time: 5% increase at 90 and 2% at
140 days. The increasing contribution of the pozzolanic reaction
of fly ash to the compressive strength, probably explains the reduc-

Fig. 6. X-ray diffraction patterns at low diffraction angle (8–13�2h) for 100% OPC, 95% OPC + 5% L, 65% OPC + 35% FA and 65% OPC + 30% FA + 5% L after 1, 28, 90 and 140 days
of sealed curing (E = ettringite, Ms = monosulphate, Ms� = hydroxyl-AFm, Hc = hemicarbonate, Mc = monocarbonate).
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ides [9,11]. Note that these results were not interpreted quantita-
tively. The AFm and AFt phases were found to be very sensitive and
tended to decompose upon handling, as can be seen from 100%
OPC mix at 90 days in which all of the AFt and AFm phases have
disappeared.

4. Discussion

The compressive strength of limestone blended cement decreases
with increasing OPC replacement at all tested ages. In a previous
study [17], up to 15% of the OPC could be replaced by limestone
powder without impairing the compressive strength after 28 days
of curing under the same curing conditions. Similar results were
also obtained by others [2,20]. However, no strength increase
was observed at low replacement levels in this study. It should
be noted that the effect of limestone powder on the compressive
strength is likely to be more pronounced at lower w/b ratios [21].

According to the thermogravimetric results (H and CH), two
mechanisms can be distinguished: the filler effect related to the in-
crease of the amount of bound water (H) and calcium hydroxide
(CH) relative to the OPC content with increasing replacement of
OPC with limestone (Figs. 2B and 3B). Indeed, replacing OPC with
limestone raises the effective water to OPC ratio, and the limestone
powder provides additional surface for the precipitation of hy-
drates; both effects promote clinker hydration. And the dilution ef-
fect is caused by the reduction in the amount of the most reactive
component, OPC, in the system. At replacement levels larger than
5%, the H and CH per dry content and the compressive strength de-
crease with increasing replacement of OPC by limestone indicating
that the filler effect can not compensate for the dilution effect at all
tested ages (Figs. 2A and 3A).

At low limestone replacement (up to 10%) of the OPC, the
amount of bound water per OPC increases (Fig. 2B), but at the same
time the amount of CH per OPC decreases after 28, 90 and 140 days
(Fig. 3B). During the hydration of OPC, an increase in the amount of
CH is generally accompanied by an increase in the amount of H,
such as during the hydration of the main clinker mineral alite
(C3S): C3S + 2.3 H? C1.7SH + 1.3 CH. The decrease in CH therefore
indicates a change in the nature of the hydration products formed,
which is confirmed by the changes in the TG and DTG (see Fig. 4).
The presence of limestone leads to the formation of carboalumi-
nate hydrates, as observed with XRD (Fig. 6). This reaction might
cause the decrease in CH as reported in previous studies
[8,9,11,13,17]. The increase of the amount of CH per OPC for higher
replacement (>10%) can be related to a larger filler effect promot-

ing the CH production which compensates for the consumption of
CH by the hemicarbonate formation [7], or the formation of mono-
carboaluminate instead of hemicarboaluminate, which does not
consume CH [6,9,11].

For the fly ash blended cement it was observed that fly ash, sim-
ilar to the limestone powder, exerts a filler effect on the OPC hydra-
tion which does not compensate for the dilution effect after 1 day:
increasing H and CH per OPC, but decreasing it per dry content, as
well as decreasing the compressive and flexural strength with
increasing OPC replacement. At later ages, the pozzolanic reaction
of the fly ash plays an important role for the fly ash blended ce-
ments. Contrary to the limestone blended cements, there is still a
considerable strength increase after 28 days with higher replace-
ment levels as expected. The extent of the fly ash reaction is re-
cently documented in [18]. The amount of CH gives an indication
for the pozzolanic reactivity of the fly ash, as fly ash consumes
CH during its pozzolanic reaction. Care should be taken when
interpreting these results as the filler effect of the fly ash initially
increases the CH/OPC content with increasing fly ash content.
However, after 28 days a consumption of CH can be observed for
the fly ash blended cements with high fly ash content (>20%)
(Fig. 3D). Furthermore, the dissolved species from the fly ash
may also react directly with the C–S–H gel [22–24]. The latter reac-
tion mechanism would lower the Ca/Si ratio and possibly increase
the Al/Si ratio in the C–S–H gel.

An OPC or a limestone containing cement shows an almost lin-
ear trend between compressive strength and the amount of bound
water (H) (Figs. 1C and 2C) [15]. However, this relation is not valid
in the case of FA blended cements due to two major facts: curing
conditions and the nature of the pozzolanic reaction products.
The mortars were stored in saturated CH solution, whereas the
paste samples were cured under sealed conditions. The pozzolanic
reaction might in the case of the mortar samples have been altered
due to the continuous access to water and CH and a possible leach-
ing of alkali (pH solution 12.5, pH mortar 13.5). The pozzolanic
reaction products of the fly ash were found to enhance the
mechanical properties without necessarily binding more water
than what is inherent in the CH.

At all tested ages, 5% of the fly ash in the blended fly ash cement
(65% OPC + 35% fly ash) can be replaced with limestone powder
(resulting in 65% OPC + 30% fly ash + 5% limestone) without
impairing the compressive and flexural strength (Fig. 1E and F).
At 28 days a compressive strength increase of 8% is observed, how-
ever the effect diminishes over time: 5% increase at 90 and 2% at
140 days. The increasing contribution of the pozzolanic reaction
of fly ash to the compressive strength, probably explains the reduc-

Fig. 6. X-ray diffraction patterns at low diffraction angle (8–13�2h) for 100% OPC, 95% OPC + 5% L, 65% OPC + 35% FA and 65% OPC + 30% FA + 5% L after 1, 28, 90 and 140 days
of sealed curing (E = ettringite, Ms = monosulphate, Ms� = hydroxyl-AFm, Hc = hemicarbonate, Mc = monocarbonate).
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ides [9,11]. Note that these results were not interpreted quantita-
tively. The AFm and AFt phases were found to be very sensitive and
tended to decompose upon handling, as can be seen from 100%
OPC mix at 90 days in which all of the AFt and AFm phases have
disappeared.

4. Discussion

The compressive strength of limestone blended cement decreases
with increasing OPC replacement at all tested ages. In a previous
study [17], up to 15% of the OPC could be replaced by limestone
powder without impairing the compressive strength after 28 days
of curing under the same curing conditions. Similar results were
also obtained by others [2,20]. However, no strength increase
was observed at low replacement levels in this study. It should
be noted that the effect of limestone powder on the compressive
strength is likely to be more pronounced at lower w/b ratios [21].

According to the thermogravimetric results (H and CH), two
mechanisms can be distinguished: the filler effect related to the in-
crease of the amount of bound water (H) and calcium hydroxide
(CH) relative to the OPC content with increasing replacement of
OPC with limestone (Figs. 2B and 3B). Indeed, replacing OPC with
limestone raises the effective water to OPC ratio, and the limestone
powder provides additional surface for the precipitation of hy-
drates; both effects promote clinker hydration. And the dilution ef-
fect is caused by the reduction in the amount of the most reactive
component, OPC, in the system. At replacement levels larger than
5%, the H and CH per dry content and the compressive strength de-
crease with increasing replacement of OPC by limestone indicating
that the filler effect can not compensate for the dilution effect at all
tested ages (Figs. 2A and 3A).

At low limestone replacement (up to 10%) of the OPC, the
amount of bound water per OPC increases (Fig. 2B), but at the same
time the amount of CH per OPC decreases after 28, 90 and 140 days
(Fig. 3B). During the hydration of OPC, an increase in the amount of
CH is generally accompanied by an increase in the amount of H,
such as during the hydration of the main clinker mineral alite
(C3S): C3S + 2.3 H? C1.7SH + 1.3 CH. The decrease in CH therefore
indicates a change in the nature of the hydration products formed,
which is confirmed by the changes in the TG and DTG (see Fig. 4).
The presence of limestone leads to the formation of carboalumi-
nate hydrates, as observed with XRD (Fig. 6). This reaction might
cause the decrease in CH as reported in previous studies
[8,9,11,13,17]. The increase of the amount of CH per OPC for higher
replacement (>10%) can be related to a larger filler effect promot-

ing the CH production which compensates for the consumption of
CH by the hemicarbonate formation [7], or the formation of mono-
carboaluminate instead of hemicarboaluminate, which does not
consume CH [6,9,11].

For the fly ash blended cement it was observed that fly ash, sim-
ilar to the limestone powder, exerts a filler effect on the OPC hydra-
tion which does not compensate for the dilution effect after 1 day:
increasing H and CH per OPC, but decreasing it per dry content, as
well as decreasing the compressive and flexural strength with
increasing OPC replacement. At later ages, the pozzolanic reaction
of the fly ash plays an important role for the fly ash blended ce-
ments. Contrary to the limestone blended cements, there is still a
considerable strength increase after 28 days with higher replace-
ment levels as expected. The extent of the fly ash reaction is re-
cently documented in [18]. The amount of CH gives an indication
for the pozzolanic reactivity of the fly ash, as fly ash consumes
CH during its pozzolanic reaction. Care should be taken when
interpreting these results as the filler effect of the fly ash initially
increases the CH/OPC content with increasing fly ash content.
However, after 28 days a consumption of CH can be observed for
the fly ash blended cements with high fly ash content (>20%)
(Fig. 3D). Furthermore, the dissolved species from the fly ash
may also react directly with the C–S–H gel [22–24]. The latter reac-
tion mechanism would lower the Ca/Si ratio and possibly increase
the Al/Si ratio in the C–S–H gel.

An OPC or a limestone containing cement shows an almost lin-
ear trend between compressive strength and the amount of bound
water (H) (Figs. 1C and 2C) [15]. However, this relation is not valid
in the case of FA blended cements due to two major facts: curing
conditions and the nature of the pozzolanic reaction products.
The mortars were stored in saturated CH solution, whereas the
paste samples were cured under sealed conditions. The pozzolanic
reaction might in the case of the mortar samples have been altered
due to the continuous access to water and CH and a possible leach-
ing of alkali (pH solution 12.5, pH mortar 13.5). The pozzolanic
reaction products of the fly ash were found to enhance the
mechanical properties without necessarily binding more water
than what is inherent in the CH.

At all tested ages, 5% of the fly ash in the blended fly ash cement
(65% OPC + 35% fly ash) can be replaced with limestone powder
(resulting in 65% OPC + 30% fly ash + 5% limestone) without
impairing the compressive and flexural strength (Fig. 1E and F).
At 28 days a compressive strength increase of 8% is observed, how-
ever the effect diminishes over time: 5% increase at 90 and 2% at
140 days. The increasing contribution of the pozzolanic reaction
of fly ash to the compressive strength, probably explains the reduc-

Fig. 6. X-ray diffraction patterns at low diffraction angle (8–13�2h) for 100% OPC, 95% OPC + 5% L, 65% OPC + 35% FA and 65% OPC + 30% FA + 5% L after 1, 28, 90 and 140 days
of sealed curing (E = ettringite, Ms = monosulphate, Ms� = hydroxyl-AFm, Hc = hemicarbonate, Mc = monocarbonate).
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tion of the effect over time. Also 5% OPC in the 70% OPC + 30% fly
ash blend can be replaced by 5% limestone powder resulting in
the combination 65% OPC + 30% fly ash + 5% limestone powder
without reducing the compressive and flexural strength at all
tested ages (Table 3).

Both observations are important for the cement manufacturers
producing fly ash blended cements. As limestone powder is the
main raw material for OPC, it is always available in abundance at
cement plants. Fly ash on the other hand has to be carefully se-
lected and purchased from coal fired power plants and transported
to the cement plant. In the future good quality fly ash can also be
scarce as the demand increases as blended cements gain popular-
ity. Being able to replace part of the fly ash with limestone powder
renders the cement production less dependent on the fly ash sup-
ply and is economically beneficial. Being able to replace 5% of the
OPC with limestone powder results in a reduction of costs and
emissions related to the clinkerization.

Replacing 5% of the fly ash with limestone powder in a 65%
OPC + 35% fly ash cement in addition to producing a strength in-
crease, also results in a decrease in CH content at 28, 90 and
140 days (Fig. 3E). The CH content normally decreases with
increasing fly ash content. The observed decrease in CH with less
fly ash therefore indicates a similar reaction to the one observed
for minor additions of limestone powder to OPC: the formation
of hemicarbonate (Fig. 6), with calcium being supplied by OPC as
opposed to the fly ash, due to its higher CaO content (Table 1).

The effect of the presence of 5% limestone powder seems to be
more pronounced for the fly ash cements than for the ordinary
Portland cement (Figs. 4 and 5). As the fly ash reacts, aluminates
are liberated by dissolution of fly ash, thereby decreasing the sul-
phate/aluminate ratio. Therefore more ettringite will decompose
after sulphate depletion and react with the additional aluminates
to form calcium monosulphate hydrate. The presence of limestone
will then have a larger impact as this will stabilize the ettringite by
reacting with the additional aluminates provided by the fly ash to
form calcium carboaluminate hydrates. The net result is more
ettringite, more chemically bound water and a larger volume of hy-
drates leading to less porosity and thereby higher strength, i.e. a
true synergistic effect exists and can be used to advantage. The
chemistry of this synergy was recently elaborated in [16].

5. Conclusions

The key observation in this study is the confirmation of the syn-
ergetic interaction between limestone powder and fly ash and its
persistence over time. The presence of limestone leads to the for-
mation of mono- or hemicarboaluminate hydrates instead of
monosulphoaluminate hydrate and stabilizes thereby the ettring-
ite. This leads to an increase in the volume of hydrates and a sub-
sequent decrease in porosity and an increase in strength. Fly ash,
on the other hand, can provide additional aluminates which will
lower the sulphate/aluminate ratio and thereby amplify the impact
of the limestone.

Replacing 5% of the OPC with limestone powder at a water-to-
binder ratio of 0.5 resulted in a reduction in compressive and flex-
ural strength, whereas replacing 5% of the OPC with limestone
powder in a fly ash blended cement with 30% fly ash and 70%
OPC produced no strength loss. The composite cements consisting
of 65% OPC, 30% fly ash and 5% limestone powder have a slightly
higher or similar strength compared to the 65% OPC and 35% fly
ash and the 70% OPC and 30% fly ash blends at 28, 90 and 140 days.
This means that, 5% of OPC or 5% of fly ash can be replaced with 5%

limestone powder in this system, without impairing the compres-
sive and flexural strength. The TGA and XRD results confirmed the
change in the hydration products when limestone is included in
the system.
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tion of the effect over time. Also 5% OPC in the 70% OPC + 30% fly
ash blend can be replaced by 5% limestone powder resulting in
the combination 65% OPC + 30% fly ash + 5% limestone powder
without reducing the compressive and flexural strength at all
tested ages (Table 3).

Both observations are important for the cement manufacturers
producing fly ash blended cements. As limestone powder is the
main raw material for OPC, it is always available in abundance at
cement plants. Fly ash on the other hand has to be carefully se-
lected and purchased from coal fired power plants and transported
to the cement plant. In the future good quality fly ash can also be
scarce as the demand increases as blended cements gain popular-
ity. Being able to replace part of the fly ash with limestone powder
renders the cement production less dependent on the fly ash sup-
ply and is economically beneficial. Being able to replace 5% of the
OPC with limestone powder results in a reduction of costs and
emissions related to the clinkerization.

Replacing 5% of the fly ash with limestone powder in a 65%
OPC + 35% fly ash cement in addition to producing a strength in-
crease, also results in a decrease in CH content at 28, 90 and
140 days (Fig. 3E). The CH content normally decreases with
increasing fly ash content. The observed decrease in CH with less
fly ash therefore indicates a similar reaction to the one observed
for minor additions of limestone powder to OPC: the formation
of hemicarbonate (Fig. 6), with calcium being supplied by OPC as
opposed to the fly ash, due to its higher CaO content (Table 1).

The effect of the presence of 5% limestone powder seems to be
more pronounced for the fly ash cements than for the ordinary
Portland cement (Figs. 4 and 5). As the fly ash reacts, aluminates
are liberated by dissolution of fly ash, thereby decreasing the sul-
phate/aluminate ratio. Therefore more ettringite will decompose
after sulphate depletion and react with the additional aluminates
to form calcium monosulphate hydrate. The presence of limestone
will then have a larger impact as this will stabilize the ettringite by
reacting with the additional aluminates provided by the fly ash to
form calcium carboaluminate hydrates. The net result is more
ettringite, more chemically bound water and a larger volume of hy-
drates leading to less porosity and thereby higher strength, i.e. a
true synergistic effect exists and can be used to advantage. The
chemistry of this synergy was recently elaborated in [16].

5. Conclusions

The key observation in this study is the confirmation of the syn-
ergetic interaction between limestone powder and fly ash and its
persistence over time. The presence of limestone leads to the for-
mation of mono- or hemicarboaluminate hydrates instead of
monosulphoaluminate hydrate and stabilizes thereby the ettring-
ite. This leads to an increase in the volume of hydrates and a sub-
sequent decrease in porosity and an increase in strength. Fly ash,
on the other hand, can provide additional aluminates which will
lower the sulphate/aluminate ratio and thereby amplify the impact
of the limestone.

Replacing 5% of the OPC with limestone powder at a water-to-
binder ratio of 0.5 resulted in a reduction in compressive and flex-
ural strength, whereas replacing 5% of the OPC with limestone
powder in a fly ash blended cement with 30% fly ash and 70%
OPC produced no strength loss. The composite cements consisting
of 65% OPC, 30% fly ash and 5% limestone powder have a slightly
higher or similar strength compared to the 65% OPC and 35% fly
ash and the 70% OPC and 30% fly ash blends at 28, 90 and 140 days.
This means that, 5% of OPC or 5% of fly ash can be replaced with 5%

limestone powder in this system, without impairing the compres-
sive and flexural strength. The TGA and XRD results confirmed the
change in the hydration products when limestone is included in
the system.
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tion of the effect over time. Also 5% OPC in the 70% OPC + 30% fly
ash blend can be replaced by 5% limestone powder resulting in
the combination 65% OPC + 30% fly ash + 5% limestone powder
without reducing the compressive and flexural strength at all
tested ages (Table 3).

Both observations are important for the cement manufacturers
producing fly ash blended cements. As limestone powder is the
main raw material for OPC, it is always available in abundance at
cement plants. Fly ash on the other hand has to be carefully se-
lected and purchased from coal fired power plants and transported
to the cement plant. In the future good quality fly ash can also be
scarce as the demand increases as blended cements gain popular-
ity. Being able to replace part of the fly ash with limestone powder
renders the cement production less dependent on the fly ash sup-
ply and is economically beneficial. Being able to replace 5% of the
OPC with limestone powder results in a reduction of costs and
emissions related to the clinkerization.

Replacing 5% of the fly ash with limestone powder in a 65%
OPC + 35% fly ash cement in addition to producing a strength in-
crease, also results in a decrease in CH content at 28, 90 and
140 days (Fig. 3E). The CH content normally decreases with
increasing fly ash content. The observed decrease in CH with less
fly ash therefore indicates a similar reaction to the one observed
for minor additions of limestone powder to OPC: the formation
of hemicarbonate (Fig. 6), with calcium being supplied by OPC as
opposed to the fly ash, due to its higher CaO content (Table 1).

The effect of the presence of 5% limestone powder seems to be
more pronounced for the fly ash cements than for the ordinary
Portland cement (Figs. 4 and 5). As the fly ash reacts, aluminates
are liberated by dissolution of fly ash, thereby decreasing the sul-
phate/aluminate ratio. Therefore more ettringite will decompose
after sulphate depletion and react with the additional aluminates
to form calcium monosulphate hydrate. The presence of limestone
will then have a larger impact as this will stabilize the ettringite by
reacting with the additional aluminates provided by the fly ash to
form calcium carboaluminate hydrates. The net result is more
ettringite, more chemically bound water and a larger volume of hy-
drates leading to less porosity and thereby higher strength, i.e. a
true synergistic effect exists and can be used to advantage. The
chemistry of this synergy was recently elaborated in [16].

5. Conclusions

The key observation in this study is the confirmation of the syn-
ergetic interaction between limestone powder and fly ash and its
persistence over time. The presence of limestone leads to the for-
mation of mono- or hemicarboaluminate hydrates instead of
monosulphoaluminate hydrate and stabilizes thereby the ettring-
ite. This leads to an increase in the volume of hydrates and a sub-
sequent decrease in porosity and an increase in strength. Fly ash,
on the other hand, can provide additional aluminates which will
lower the sulphate/aluminate ratio and thereby amplify the impact
of the limestone.

Replacing 5% of the OPC with limestone powder at a water-to-
binder ratio of 0.5 resulted in a reduction in compressive and flex-
ural strength, whereas replacing 5% of the OPC with limestone
powder in a fly ash blended cement with 30% fly ash and 70%
OPC produced no strength loss. The composite cements consisting
of 65% OPC, 30% fly ash and 5% limestone powder have a slightly
higher or similar strength compared to the 65% OPC and 35% fly
ash and the 70% OPC and 30% fly ash blends at 28, 90 and 140 days.
This means that, 5% of OPC or 5% of fly ash can be replaced with 5%

limestone powder in this system, without impairing the compres-
sive and flexural strength. The TGA and XRD results confirmed the
change in the hydration products when limestone is included in
the system.
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tion of the effect over time. Also 5% OPC in the 70% OPC + 30% fly
ash blend can be replaced by 5% limestone powder resulting in
the combination 65% OPC + 30% fly ash + 5% limestone powder
without reducing the compressive and flexural strength at all
tested ages (Table 3).

Both observations are important for the cement manufacturers
producing fly ash blended cements. As limestone powder is the
main raw material for OPC, it is always available in abundance at
cement plants. Fly ash on the other hand has to be carefully se-
lected and purchased from coal fired power plants and transported
to the cement plant. In the future good quality fly ash can also be
scarce as the demand increases as blended cements gain popular-
ity. Being able to replace part of the fly ash with limestone powder
renders the cement production less dependent on the fly ash sup-
ply and is economically beneficial. Being able to replace 5% of the
OPC with limestone powder results in a reduction of costs and
emissions related to the clinkerization.

Replacing 5% of the fly ash with limestone powder in a 65%
OPC + 35% fly ash cement in addition to producing a strength in-
crease, also results in a decrease in CH content at 28, 90 and
140 days (Fig. 3E). The CH content normally decreases with
increasing fly ash content. The observed decrease in CH with less
fly ash therefore indicates a similar reaction to the one observed
for minor additions of limestone powder to OPC: the formation
of hemicarbonate (Fig. 6), with calcium being supplied by OPC as
opposed to the fly ash, due to its higher CaO content (Table 1).

The effect of the presence of 5% limestone powder seems to be
more pronounced for the fly ash cements than for the ordinary
Portland cement (Figs. 4 and 5). As the fly ash reacts, aluminates
are liberated by dissolution of fly ash, thereby decreasing the sul-
phate/aluminate ratio. Therefore more ettringite will decompose
after sulphate depletion and react with the additional aluminates
to form calcium monosulphate hydrate. The presence of limestone
will then have a larger impact as this will stabilize the ettringite by
reacting with the additional aluminates provided by the fly ash to
form calcium carboaluminate hydrates. The net result is more
ettringite, more chemically bound water and a larger volume of hy-
drates leading to less porosity and thereby higher strength, i.e. a
true synergistic effect exists and can be used to advantage. The
chemistry of this synergy was recently elaborated in [16].

5. Conclusions

The key observation in this study is the confirmation of the syn-
ergetic interaction between limestone powder and fly ash and its
persistence over time. The presence of limestone leads to the for-
mation of mono- or hemicarboaluminate hydrates instead of
monosulphoaluminate hydrate and stabilizes thereby the ettring-
ite. This leads to an increase in the volume of hydrates and a sub-
sequent decrease in porosity and an increase in strength. Fly ash,
on the other hand, can provide additional aluminates which will
lower the sulphate/aluminate ratio and thereby amplify the impact
of the limestone.

Replacing 5% of the OPC with limestone powder at a water-to-
binder ratio of 0.5 resulted in a reduction in compressive and flex-
ural strength, whereas replacing 5% of the OPC with limestone
powder in a fly ash blended cement with 30% fly ash and 70%
OPC produced no strength loss. The composite cements consisting
of 65% OPC, 30% fly ash and 5% limestone powder have a slightly
higher or similar strength compared to the 65% OPC and 35% fly
ash and the 70% OPC and 30% fly ash blends at 28, 90 and 140 days.
This means that, 5% of OPC or 5% of fly ash can be replaced with 5%

limestone powder in this system, without impairing the compres-
sive and flexural strength. The TGA and XRD results confirmed the
change in the hydration products when limestone is included in
the system.
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The quantification of the fly ash (FA) in FA blended cements is an important parameter to understand the
effect of the fly ash on the hydration of OPC and on the microstructural development. The FA reaction in two
different blended OPC-FA systems was studied using a selective dissolution technique based on EDTA/NaOH,
diluted NaOH solution, the portlandite content and by backscattered electron image analysis.
The amount of FA determined by selective dissolution using EDTA/NaOH is found to be associated with a
significant possible error as different assumptions lead to large differences in the estimate of FA reacted. In
addition, at longer hydration times, the reaction of the FA is underestimated by this method due to the
presence of non-dissolved hydrates and MgO rich particles. The dissolution of FA in diluted NaOH solution
agreed during the first days well with the dissolution as observed by image analysis. At 28 days and longer,
the formation of hydrates in the diluted solutions leads to an underestimation. Image analysis appears to give
consistent results and to be most reliable technique studied.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

The development of new materials and technologies utilizing
waste and bi-products of industrial processes is an important task for
the cement industry in their quest to reduce CO2 emissions. Fly ash
(FA) is a commonly used pozzolanic material in concrete, and many
researchers have investigated its effect on the microstructure of
concrete. Commercial fly ash blended cements in Europe can contain
up to 35% of fly ash (CEM II). Due to regulations on CO2 emissions
cement producers are interested in replacing even larger parts of the
Portland cement with fly ash. This gives new incentives to study high
volume fly ash cements.

When combined with ordinary Portland cement, SiO2 and Al2O3

originating from the glass phase of the FAwill partly dissolve due to the
high pH of the pore solution and will react with Ca(OH)2 to form
hydration products similar to the ones formed by ordinary Portland
cement [1]. The determination of the amount of reacted as a function of
time in fly ash blended cements enables to link the progress of the
reaction of the different components (OPC, fly ash) and the subsequent
changes.

FA gives a very broad X-ray peak which makes a quantification of
unhydrated fly ash by XRD in the presence of other amorphous phases
rather imprecise. Methods reported in literature to determine the
amount of fly ash reacted include (i) selective dissolution methods,

(ii) consumption of portlandite, and (iii) determination of fly ash
reactivity in highly diluted solution.

Selective dissolution methods are commonly used techniques and
aim at dissolving the hydrates and the unhydrated clinkers without
dissolving the unreacted fly ash. This allows a direct determination of
the amount of unreacted fly ash in a hardened cement paste as the
unreacted fly ash remains as residue and can be quantified. A number
of different methods have been reported in literature, generally based
on the use of either acids or complexing agents.

Amongall the acids reported in literature, picric acid appears to be the
most promising for selective dissolution of hydrates and clinkers [2,3].
The method has been originally tested for a fly ash–gypsum–Ca(OH)2
systems [2] and for hydrated cement pastes containing fly ash [3]. In the
meantime the method has been employed in several studies [4–7]. In
other studies, salicylic acid has been used as a dissolving agent as it is
known todissolve the silicates phases inOPC [8]. The technique appeared
to be suitable when applied to a C3S–fly ash systems [9,10]. However,
when used in cementitious composite systems, it dissolved hydrates and
interstitial (aluminates and ferrites) unreacted OPC phases insufficiently
[2,11]. NaOH and sugar are known to dissolve the interstitial phases in
unreacted OPC [8]. NaOH and sugar have been therefore combined with
salicylic acid to study the fly ash reaction in blended cements [12]. The
fraction of glass in fly ash reacted did not increase and agreed with the
results found in previous studies [9,10]. Salicylic acid has also been tested
in combination with hydrochloric acid (HCl) [11,13]. However, HCl was
found to be too aggressive and to dissolve parts of the fly ash [2]. Acid
conditions can also result in silica gel precipitation [11].

A frequently used complexing agent for selective dissolution of
blended cements is ethylene diamine tetra acetic acid (EDTA) combined
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up to 35% of fly ash (CEM II). Due to regulations on CO2 emissions
cement producers are interested in replacing even larger parts of the
Portland cement with fly ash. This gives new incentives to study high
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When combined with ordinary Portland cement, SiO2 and Al2O3

originating from the glass phase of the FAwill partly dissolve due to the
high pH of the pore solution and will react with Ca(OH)2 to form
hydration products similar to the ones formed by ordinary Portland
cement [1]. The determination of the amount of reacted as a function of
time in fly ash blended cements enables to link the progress of the
reaction of the different components (OPC, fly ash) and the subsequent
changes.

FA gives a very broad X-ray peak which makes a quantification of
unhydrated fly ash by XRD in the presence of other amorphous phases
rather imprecise. Methods reported in literature to determine the
amount of fly ash reacted include (i) selective dissolution methods,

(ii) consumption of portlandite, and (iii) determination of fly ash
reactivity in highly diluted solution.

Selective dissolution methods are commonly used techniques and
aim at dissolving the hydrates and the unhydrated clinkers without
dissolving the unreacted fly ash. This allows a direct determination of
the amount of unreacted fly ash in a hardened cement paste as the
unreacted fly ash remains as residue and can be quantified. A number
of different methods have been reported in literature, generally based
on the use of either acids or complexing agents.

Amongall the acids reported in literature, picric acid appears to be the
most promising for selective dissolution of hydrates and clinkers [2,3].
The method has been originally tested for a fly ash–gypsum–Ca(OH)2
systems [2] and for hydrated cement pastes containing fly ash [3]. In the
meantime the method has been employed in several studies [4–7]. In
other studies, salicylic acid has been used as a dissolving agent as it is
known todissolve the silicates phases inOPC [8]. The technique appeared
to be suitable when applied to a C3S–fly ash systems [9,10]. However,
when used in cementitious composite systems, it dissolved hydrates and
interstitial (aluminates and ferrites) unreacted OPC phases insufficiently
[2,11]. NaOH and sugar are known to dissolve the interstitial phases in
unreacted OPC [8]. NaOH and sugar have been therefore combined with
salicylic acid to study the fly ash reaction in blended cements [12]. The
fraction of glass in fly ash reacted did not increase and agreed with the
results found in previous studies [9,10]. Salicylic acid has also been tested
in combination with hydrochloric acid (HCl) [11,13]. However, HCl was
found to be too aggressive and to dissolve parts of the fly ash [2]. Acid
conditions can also result in silica gel precipitation [11].

A frequently used complexing agent for selective dissolution of
blended cements is ethylene diamine tetra acetic acid (EDTA) combined
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with triethanolamine (TEA). It was first tried on slag blended cements
[11] and later tested in a slightly adapted version on fly ash blended
cements [14]. The EDTA method was not able to dissolve hydrotalcite
and siliceous hydrogarnet-like phases and might have led to precipi-
tationof amorphous silica [14]. The application of theEDTA/TEAmethod
on fly ash was not a success [14].

In this study, different selective dissolutionmethods are compared
on a hydrated fly ash cement pastes as previously reported
comparative studies had been performed on “ideal systems” such as
gypsum–Ca(OH)2 [2] or on slag blended cements [11].

The pozzolanic reaction of the fly ash consumes Ca(OH)2 to
produce C–S–H. Thus the consumption of Ca(OH)2 has been used as a
measure for the degree of reaction of the fly ash [14]. The Ca(OH)2
content in the hydrated OPC cement paste without fly ash is compared
to the Ca(OH)2 content in a corresponding paste containing fly ash.
These results are difficult to interpret as not only the pozzolanic
reaction influences the Ca(OH)2 content but the fly ash also promotes
clinker hydration due to the filler effect. Portland cement blended
with fly ash shows initially a higher degree of reaction resulting in the
presence of more portlandite than cement without fly ash [12]. This
complicates the evaluation as it is difficult to assess where the filler
effect ends and the pozzolanic reaction starts. Furthermore, there is
the possibility that the dissolved silicate from the fly ash reacts
directly with already formed C–S–H gel [15–17] rather than to
precipitate in reaction with portlandite. This reaction mechanism will
lead to lower Ca/Si ratio of the C–S–H instead of a decrease of the
portlandite content.

A more theoretical approach to study the reactivity of fly ash is to
investigate strongly diluted suspension of fly ash at high pH values
[15]. The solution has been analyzed for Si, Al and K as a function of
time and the obtained values are compared with Si, Al and K content
of the glass phase in the FA. The fly ash was found to dissolve
congruently; the difference in pH appeared to bemore important than
the difference in fly ash chemistry [15].

Backscattered electrons (BSE) images coupled with image analysis
are a further possibility to quantify the reaction of fly ash in blended
cements. BSE coupled with images analysis has been successfully used
to quantify the reaction of Portland cement clinkers [18–20] and of
blast furnace slags [21] and to study the extent of alkali aggregate
reaction in concrete samples [22]. In this study the SEM-BSE images
were analyzed quantitatively to get volume fractions of hydrated and
unhydrated phases in the blended cement pastes. The segmentation
of the unreacted fly ash particles was obtained using a combination of
image analysis techniques such as grey-level threshold, and specific
morphological filtering.

In this study different techniques of quantification of FA reaction in
FA blended cements are evaluated and compared critically.

2. Materials and methods

2.1. Materials

The chemical composition of the Portland cement clinker, type F
siliceous fly ash (FA) and limestone powder used in this study are
given in Table 1. The CaCO3 content of limestone determined by TGA is
about 81%. The clinker has been interground with 3.7% of natural
gypsum to obtain a total SO3 content of 3% in the Portland cement. The
used gypsum contained 0.2% free water, and had a CaSO4·2H2O
content of 91.4%. The XRD-Rietveld of the FA indicates the presence of
18 wt.% mullite, 12 wt.% quartz and an amorphous content of 68 wt.%
(Table 2). The amorphous content includes besides the glass phase, 3%
of amorphous carbon. The composition of the glass phase given in
Table 3 was calculated by subtracting the oxides present in the
crystalline phases of FA (determined by XRD-Rietveld) from the total
amount of oxides present in the FA as determined by XRF.

2.2. Assessment of the degree of reaction

2.2.1. Selective dissolution
In this study, six different selective dissolution methods based on

salicylic acid, hydrochloric acid (HCl), EDTA or picric acid have been
tested and compared (see Table 4). The materials subjected to the
selective dissolution experiments are:

• unhydrated OPC
• unreacted FA
• reacted OPC-FA=hydrated paste (80%OPC+20% FAwithw/b=0.5
hydrated for 90 days at 20 °C)

• 80% reacted OPC-FA+20% unreacted FA

The selective dissolution methods aim to dissolve selectively the
hydrates and the unhydrated clinkers without dissolving the
unreacted fly ash. The residue after dissolution is compared with
the original sample mass to calculate the degree of reaction of the FA.
The effectiveness of the different selective dissolution techniques
were tested on the raw materials, unreacted FA and unhydrated OPC
in order to identify techniques that dissolve all unhydrated clinker
and hydrates without affecting the unreacted FA.

To study the efficiency of different dissolution techniques, on the
“reacted OPC-FA”, consisting of the hydrated 80% OPC+20% FA cured
for 90 days at 20 °C: the residues after dissolutionwere examined using
SEM techniques. To check for systematic errors, a fourth combination
was tested, consisting of 80% reactedOPC-FA towhich20%unreacted FA
was added. Theweight difference of the residues between reacted OPC-
FA and 80% reacted OPC-FA+20% unreacted FA should be the weight
corresponding to 20% FA considering the amount of residue not
dissolved by the different dissolution techniques.

The unreacted FA and OPC were used as received for the selective
dissolution. The hydrated pastes were treated prior to the selective
dissolution with isopropanol and ether to stop hydration, ground to
pass a 63 μm sieve and stored in a dessicator over silica gel. The
powder was added to the solvent and stirred for the required time
(Table 4). After mixing, the suspension was filtrated through a dried

Table 1
Chemical composition of the clinker, fly ash and limestone in wt.%.

Clinker Fly ash Limestone

SiO2 20.8 50.0 12.9
Al2O3 5.6 23.9 2.7
Fe2O3 3.2 6.0 2.0
CaO 63.0 6.3 42.3
MgO 3.0 2.1 1.8
SO3 1.5 0.4 –

P2O5 0.1 1.1 –

K2O 1.3 1.4 0.6
Na2O 0.5 0.6 0.5
Na2O Eq. 1.4 1.6
LOI 0.3 3.6 37.7
Carbon – 3.1 –

Chloride 0.051 – –

Free CaO 1.85 – –

Blaine surface [m2/kg] 310 450 900
Density [kg/m3] 3150 2740 2490

Table 2
XRD-Rietveld analyses of the FA (wt.%).

[g/100 g]

Quartz 12.3
Calcite 0.4
Hematite 0.6
Anhydrite 0.4
Mullite 18.3
Amorphous* 68.0

* glass and 3% amorphous carbon.
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with triethanolamine (TEA). It was first tried on slag blended cements
[11] and later tested in a slightly adapted version on fly ash blended
cements [14]. The EDTA method was not able to dissolve hydrotalcite
and siliceous hydrogarnet-like phases and might have led to precipi-
tationof amorphous silica [14]. The application of theEDTA/TEAmethod
on fly ash was not a success [14].
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measure for the degree of reaction of the fly ash [14]. The Ca(OH)2
content in the hydrated OPC cement paste without fly ash is compared
to the Ca(OH)2 content in a corresponding paste containing fly ash.
These results are difficult to interpret as not only the pozzolanic
reaction influences the Ca(OH)2 content but the fly ash also promotes
clinker hydration due to the filler effect. Portland cement blended
with fly ash shows initially a higher degree of reaction resulting in the
presence of more portlandite than cement without fly ash [12]. This
complicates the evaluation as it is difficult to assess where the filler
effect ends and the pozzolanic reaction starts. Furthermore, there is
the possibility that the dissolved silicate from the fly ash reacts
directly with already formed C–S–H gel [15–17] rather than to
precipitate in reaction with portlandite. This reaction mechanism will
lead to lower Ca/Si ratio of the C–S–H instead of a decrease of the
portlandite content.

A more theoretical approach to study the reactivity of fly ash is to
investigate strongly diluted suspension of fly ash at high pH values
[15]. The solution has been analyzed for Si, Al and K as a function of
time and the obtained values are compared with Si, Al and K content
of the glass phase in the FA. The fly ash was found to dissolve
congruently; the difference in pH appeared to bemore important than
the difference in fly ash chemistry [15].

Backscattered electrons (BSE) images coupled with image analysis
are a further possibility to quantify the reaction of fly ash in blended
cements. BSE coupled with images analysis has been successfully used
to quantify the reaction of Portland cement clinkers [18–20] and of
blast furnace slags [21] and to study the extent of alkali aggregate
reaction in concrete samples [22]. In this study the SEM-BSE images
were analyzed quantitatively to get volume fractions of hydrated and
unhydrated phases in the blended cement pastes. The segmentation
of the unreacted fly ash particles was obtained using a combination of
image analysis techniques such as grey-level threshold, and specific
morphological filtering.

In this study different techniques of quantification of FA reaction in
FA blended cements are evaluated and compared critically.

2. Materials and methods

2.1. Materials

The chemical composition of the Portland cement clinker, type F
siliceous fly ash (FA) and limestone powder used in this study are
given in Table 1. The CaCO3 content of limestone determined by TGA is
about 81%. The clinker has been interground with 3.7% of natural
gypsum to obtain a total SO3 content of 3% in the Portland cement. The
used gypsum contained 0.2% free water, and had a CaSO4·2H2O
content of 91.4%. The XRD-Rietveld of the FA indicates the presence of
18 wt.% mullite, 12 wt.% quartz and an amorphous content of 68 wt.%
(Table 2). The amorphous content includes besides the glass phase, 3%
of amorphous carbon. The composition of the glass phase given in
Table 3 was calculated by subtracting the oxides present in the
crystalline phases of FA (determined by XRD-Rietveld) from the total
amount of oxides present in the FA as determined by XRF.

2.2. Assessment of the degree of reaction

2.2.1. Selective dissolution
In this study, six different selective dissolution methods based on

salicylic acid, hydrochloric acid (HCl), EDTA or picric acid have been
tested and compared (see Table 4). The materials subjected to the
selective dissolution experiments are:

• unhydrated OPC
• unreacted FA
• reacted OPC-FA=hydrated paste (80%OPC+20% FAwithw/b=0.5
hydrated for 90 days at 20 °C)

• 80% reacted OPC-FA+20% unreacted FA

The selective dissolution methods aim to dissolve selectively the
hydrates and the unhydrated clinkers without dissolving the
unreacted fly ash. The residue after dissolution is compared with
the original sample mass to calculate the degree of reaction of the FA.
The effectiveness of the different selective dissolution techniques
were tested on the raw materials, unreacted FA and unhydrated OPC
in order to identify techniques that dissolve all unhydrated clinker
and hydrates without affecting the unreacted FA.

To study the efficiency of different dissolution techniques, on the
“reacted OPC-FA”, consisting of the hydrated 80% OPC+20% FA cured
for 90 days at 20 °C: the residues after dissolutionwere examined using
SEM techniques. To check for systematic errors, a fourth combination
was tested, consisting of 80% reactedOPC-FA towhich20%unreacted FA
was added. Theweight difference of the residues between reacted OPC-
FA and 80% reacted OPC-FA+20% unreacted FA should be the weight
corresponding to 20% FA considering the amount of residue not
dissolved by the different dissolution techniques.

The unreacted FA and OPC were used as received for the selective
dissolution. The hydrated pastes were treated prior to the selective
dissolution with isopropanol and ether to stop hydration, ground to
pass a 63 μm sieve and stored in a dessicator over silica gel. The
powder was added to the solvent and stirred for the required time
(Table 4). After mixing, the suspension was filtrated through a dried

Table 1
Chemical composition of the clinker, fly ash and limestone in wt.%.

Clinker Fly ash Limestone

SiO2 20.8 50.0 12.9
Al2O3 5.6 23.9 2.7
Fe2O3 3.2 6.0 2.0
CaO 63.0 6.3 42.3
MgO 3.0 2.1 1.8
SO3 1.5 0.4 –

P2O5 0.1 1.1 –

K2O 1.3 1.4 0.6
Na2O 0.5 0.6 0.5
Na2O Eq. 1.4 1.6
LOI 0.3 3.6 37.7
Carbon – 3.1 –

Chloride 0.051 – –

Free CaO 1.85 – –

Blaine surface [m2/kg] 310 450 900
Density [kg/m3] 3150 2740 2490

Table 2
XRD-Rietveld analyses of the FA (wt.%).

[g/100 g]

Quartz 12.3
Calcite 0.4
Hematite 0.6
Anhydrite 0.4
Mullite 18.3
Amorphous* 68.0

* glass and 3% amorphous carbon.
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with triethanolamine (TEA). It was first tried on slag blended cements
[11] and later tested in a slightly adapted version on fly ash blended
cements [14]. The EDTA method was not able to dissolve hydrotalcite
and siliceous hydrogarnet-like phases and might have led to precipi-
tationof amorphous silica [14]. The application of theEDTA/TEAmethod
on fly ash was not a success [14].

In this study, different selective dissolutionmethods are compared
on a hydrated fly ash cement pastes as previously reported
comparative studies had been performed on “ideal systems” such as
gypsum–Ca(OH)2 [2] or on slag blended cements [11].

The pozzolanic reaction of the fly ash consumes Ca(OH)2 to
produce C–S–H. Thus the consumption of Ca(OH)2 has been used as a
measure for the degree of reaction of the fly ash [14]. The Ca(OH)2
content in the hydrated OPC cement paste without fly ash is compared
to the Ca(OH)2 content in a corresponding paste containing fly ash.
These results are difficult to interpret as not only the pozzolanic
reaction influences the Ca(OH)2 content but the fly ash also promotes
clinker hydration due to the filler effect. Portland cement blended
with fly ash shows initially a higher degree of reaction resulting in the
presence of more portlandite than cement without fly ash [12]. This
complicates the evaluation as it is difficult to assess where the filler
effect ends and the pozzolanic reaction starts. Furthermore, there is
the possibility that the dissolved silicate from the fly ash reacts
directly with already formed C–S–H gel [15–17] rather than to
precipitate in reaction with portlandite. This reaction mechanism will
lead to lower Ca/Si ratio of the C–S–H instead of a decrease of the
portlandite content.

A more theoretical approach to study the reactivity of fly ash is to
investigate strongly diluted suspension of fly ash at high pH values
[15]. The solution has been analyzed for Si, Al and K as a function of
time and the obtained values are compared with Si, Al and K content
of the glass phase in the FA. The fly ash was found to dissolve
congruently; the difference in pH appeared to bemore important than
the difference in fly ash chemistry [15].

Backscattered electrons (BSE) images coupled with image analysis
are a further possibility to quantify the reaction of fly ash in blended
cements. BSE coupled with images analysis has been successfully used
to quantify the reaction of Portland cement clinkers [18–20] and of
blast furnace slags [21] and to study the extent of alkali aggregate
reaction in concrete samples [22]. In this study the SEM-BSE images
were analyzed quantitatively to get volume fractions of hydrated and
unhydrated phases in the blended cement pastes. The segmentation
of the unreacted fly ash particles was obtained using a combination of
image analysis techniques such as grey-level threshold, and specific
morphological filtering.

In this study different techniques of quantification of FA reaction in
FA blended cements are evaluated and compared critically.

2. Materials and methods

2.1. Materials

The chemical composition of the Portland cement clinker, type F
siliceous fly ash (FA) and limestone powder used in this study are
given in Table 1. The CaCO3 content of limestone determined by TGA is
about 81%. The clinker has been interground with 3.7% of natural
gypsum to obtain a total SO3 content of 3% in the Portland cement. The
used gypsum contained 0.2% free water, and had a CaSO4·2H2O
content of 91.4%. The XRD-Rietveld of the FA indicates the presence of
18 wt.% mullite, 12 wt.% quartz and an amorphous content of 68 wt.%
(Table 2). The amorphous content includes besides the glass phase, 3%
of amorphous carbon. The composition of the glass phase given in
Table 3 was calculated by subtracting the oxides present in the
crystalline phases of FA (determined by XRD-Rietveld) from the total
amount of oxides present in the FA as determined by XRF.

2.2. Assessment of the degree of reaction

2.2.1. Selective dissolution
In this study, six different selective dissolution methods based on

salicylic acid, hydrochloric acid (HCl), EDTA or picric acid have been
tested and compared (see Table 4). The materials subjected to the
selective dissolution experiments are:

• unhydrated OPC
• unreacted FA
• reacted OPC-FA=hydrated paste (80%OPC+20% FAwithw/b=0.5
hydrated for 90 days at 20 °C)

• 80% reacted OPC-FA+20% unreacted FA

The selective dissolution methods aim to dissolve selectively the
hydrates and the unhydrated clinkers without dissolving the
unreacted fly ash. The residue after dissolution is compared with
the original sample mass to calculate the degree of reaction of the FA.
The effectiveness of the different selective dissolution techniques
were tested on the raw materials, unreacted FA and unhydrated OPC
in order to identify techniques that dissolve all unhydrated clinker
and hydrates without affecting the unreacted FA.

To study the efficiency of different dissolution techniques, on the
“reacted OPC-FA”, consisting of the hydrated 80% OPC+20% FA cured
for 90 days at 20 °C: the residues after dissolutionwere examined using
SEM techniques. To check for systematic errors, a fourth combination
was tested, consisting of 80% reactedOPC-FA towhich20%unreacted FA
was added. Theweight difference of the residues between reacted OPC-
FA and 80% reacted OPC-FA+20% unreacted FA should be the weight
corresponding to 20% FA considering the amount of residue not
dissolved by the different dissolution techniques.

The unreacted FA and OPC were used as received for the selective
dissolution. The hydrated pastes were treated prior to the selective
dissolution with isopropanol and ether to stop hydration, ground to
pass a 63 μm sieve and stored in a dessicator over silica gel. The
powder was added to the solvent and stirred for the required time
(Table 4). After mixing, the suspension was filtrated through a dried
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Chemical composition of the clinker, fly ash and limestone in wt.%.

Clinker Fly ash Limestone

SiO2 20.8 50.0 12.9
Al2O3 5.6 23.9 2.7
Fe2O3 3.2 6.0 2.0
CaO 63.0 6.3 42.3
MgO 3.0 2.1 1.8
SO3 1.5 0.4 –

P2O5 0.1 1.1 –

K2O 1.3 1.4 0.6
Na2O 0.5 0.6 0.5
Na2O Eq. 1.4 1.6
LOI 0.3 3.6 37.7
Carbon – 3.1 –

Chloride 0.051 – –

Free CaO 1.85 – –

Blaine surface [m2/kg] 310 450 900
Density [kg/m3] 3150 2740 2490

Table 2
XRD-Rietveld analyses of the FA (wt.%).

[g/100 g]

Quartz 12.3
Calcite 0.4
Hematite 0.6
Anhydrite 0.4
Mullite 18.3
Amorphous* 68.0

* glass and 3% amorphous carbon.
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and weighted Whatman GF/C filter (minimum particle size retained
1.2 μm). The residue was washed with distilled water, ethanol or
methanol (see Table 4). The filter and residue were dried at 40 °C until
a constant weight was reached. The weight of the samples was
corrected for the water uptake during hydration using the dry weight
as determined by TGA at 600 ° C.

2.2.2. Diluted alkaline solutions
The reaction of FA can be followed by measuring the dissolution of

FA in a diluted alkaline solution [15] that has the same pH as observed
in the pore solution of the cement paste (pH 13.6 for 65% OPC/+35%
FA). Themeasured dissolved concentrations of Si and Al can be used to
calculate the amount of dissolved glass of the FA.

0.050 g of FA was added to 50 ml 0.1, 0.2 and 0.5 mol/l NaOH
solutions corresponding to a pHof 13.1, 13.3 and 13.7 respectively. After
1, 2, 3, 7, 14 and 28 days the Si content of the solutionwas analysed by a
Dionex Ion Chromatography system (ICS) 3000 using Si standards from
Fluka as reference. The Al content was only determined for the 0.5 mol/
l NaOH solution using a simultaneous ICP-OES Varian Vista Pro.

To calculate the reaction of the FA, the dissolved quantities of Al
and Si are compared to the glass composition as given in Table 3.

2.2.3. Scanning electron microscopy
An ESEM Philips FEG-XL30 microscope was used. The accelerating

voltage of the beamwas 15KV to provide a good compromise between
spatial resolution and adequate excitation of the FeKα peak.

2.2.3.1. Residues of selective dissolution. Polished sections of the
residues of the different selective dissolution techniques were studied
using both backscattered electron (BSE) imaging and energy
dispersive X-ray spectroscopy (EDS) to check the nature of the
elements present in the residues.

2.2.3.2. Reaction of the FA. To study the reaction of FA, a slice was cut
from the hydrated paste samples at different hydration times. The slices
were immersed in isopropanol for 30 min to stop hydration and then
dried in an oven for 1 day at 40 °C. After drying, the slices were vacuum
impregnated with low viscosity resin and gradually polished down to
0.1 μm using diamond pastes. The drying and impregnation procedure
did not induce any significant cracks. Backscattered electron (BSE)
images of the polished sections were acquired using the ESEM. For the
BSE imaging, the spot size was chosen to have a good resolution of the
images. To avoid the charging effect, all specimens were coated with a
thin film of carbon (around 5 nm). A typical BSE image and its
corresponding grey level histogram are given in Fig. 1.

Image analysis of backscattered electron (BSE) images was carried
applying different filters to the BSE images to get the volume fraction
of unhydrated FA. The SEM-BSE images can be analysed to get volume
fractions of phases in concrete, based on application of segmentation
methods. The area fractions obtained from a 2D cross-section are
equal to volume fractions from the 3D real structure when materials
have a random and isotropic nature. The microstructure of cement
paste can be considered to satisfy those stereological conditions [23].

As cementitious materials are heterogeneous, phase quantification
by image analysis is usually done on a large number of fields in order
to take into account the variations from one field to the other. Some

Table 3
Glass composition FA.

Glass* [g/100 g]

SiO2 54.1
Al2O3 17.9
Fe2O3 9.1
CaO 9.8
MgO 3.5
K2O 2.4
Na2O 1.0

*Glass composition calculated from XRF and Rietveld-XRD data.

Table 4
Description of the different selective dissolution methods tested.

Methods Chemicals needed/1 g sample References

Salicylic acid 6 g salicylic acid
40 ml methanol
methanol*

[2,8–11]

Hydrochloric and
salicylic acid

5 g salicylic acid
4.2 ml hydrochloric acid
fill to 100 ml with methanol
methanol*

[13]

Hydrochloric acid 250 ml (1:20) hydrochloric acid
distilled water*

[30]
[31]

EDTA/DEA 25 ml triethanolamine
9.3 g disodium EDTA*2H2O
17.3 ml diethylamine (DEA)
fill to 100 ml with distilled water
1600 ml distilled water
distilled water*

[21,32]

EDTA/NaOH 500 ml disodium EDTA*2H2O (0.05 M) in
NaOH (0.1 M)
500 ml distilled water
50 ml (1:1) triethanolamine:water
125 ml NaOH (1 M) to adjust pH
distilled water and ethanol*

[11,14,33]

Picric acid 11 g picric acid
60 ml methanol
40 ml distilled water
methanol*
500 ml distilled water at 40 °C*

[2,3]

*Rinse solution.

Fig. 1. Backscattered image of a FA blended cement at 28 days and its corresponding
grey level histogram (P: porosity, HP: hydration products other than Portlandite, CH:
Portlandite, An: unreacted clinker particle, FA: fly ash).
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and weighted Whatman GF/C filter (minimum particle size retained
1.2 μm). The residue was washed with distilled water, ethanol or
methanol (see Table 4). The filter and residue were dried at 40 °C until
a constant weight was reached. The weight of the samples was
corrected for the water uptake during hydration using the dry weight
as determined by TGA at 600 ° C.

2.2.2. Diluted alkaline solutions
The reaction of FA can be followed by measuring the dissolution of

FA in a diluted alkaline solution [15] that has the same pH as observed
in the pore solution of the cement paste (pH 13.6 for 65% OPC/+35%
FA). Themeasured dissolved concentrations of Si and Al can be used to
calculate the amount of dissolved glass of the FA.

0.050 g of FA was added to 50 ml 0.1, 0.2 and 0.5 mol/l NaOH
solutions corresponding to a pHof 13.1, 13.3 and 13.7 respectively. After
1, 2, 3, 7, 14 and 28 days the Si content of the solutionwas analysed by a
Dionex Ion Chromatography system (ICS) 3000 using Si standards from
Fluka as reference. The Al content was only determined for the 0.5 mol/
l NaOH solution using a simultaneous ICP-OES Varian Vista Pro.

To calculate the reaction of the FA, the dissolved quantities of Al
and Si are compared to the glass composition as given in Table 3.

2.2.3. Scanning electron microscopy
An ESEM Philips FEG-XL30 microscope was used. The accelerating

voltage of the beamwas 15KV to provide a good compromise between
spatial resolution and adequate excitation of the FeKα peak.

2.2.3.1. Residues of selective dissolution. Polished sections of the
residues of the different selective dissolution techniques were studied
using both backscattered electron (BSE) imaging and energy
dispersive X-ray spectroscopy (EDS) to check the nature of the
elements present in the residues.

2.2.3.2. Reaction of the FA. To study the reaction of FA, a slice was cut
from the hydrated paste samples at different hydration times. The slices
were immersed in isopropanol for 30 min to stop hydration and then
dried in an oven for 1 day at 40 °C. After drying, the slices were vacuum
impregnated with low viscosity resin and gradually polished down to
0.1 μm using diamond pastes. The drying and impregnation procedure
did not induce any significant cracks. Backscattered electron (BSE)
images of the polished sections were acquired using the ESEM. For the
BSE imaging, the spot size was chosen to have a good resolution of the
images. To avoid the charging effect, all specimens were coated with a
thin film of carbon (around 5 nm). A typical BSE image and its
corresponding grey level histogram are given in Fig. 1.

Image analysis of backscattered electron (BSE) images was carried
applying different filters to the BSE images to get the volume fraction
of unhydrated FA. The SEM-BSE images can be analysed to get volume
fractions of phases in concrete, based on application of segmentation
methods. The area fractions obtained from a 2D cross-section are
equal to volume fractions from the 3D real structure when materials
have a random and isotropic nature. The microstructure of cement
paste can be considered to satisfy those stereological conditions [23].

As cementitious materials are heterogeneous, phase quantification
by image analysis is usually done on a large number of fields in order
to take into account the variations from one field to the other. Some

Table 3
Glass composition FA.

Glass* [g/100 g]

SiO2 54.1
Al2O3 17.9
Fe2O3 9.1
CaO 9.8
MgO 3.5
K2O 2.4
Na2O 1.0

*Glass composition calculated from XRF and Rietveld-XRD data.

Table 4
Description of the different selective dissolution methods tested.

Methods Chemicals needed/1 g sample References

Salicylic acid 6 g salicylic acid
40 ml methanol
methanol*

[2,8–11]

Hydrochloric and
salicylic acid

5 g salicylic acid
4.2 ml hydrochloric acid
fill to 100 ml with methanol
methanol*

[13]

Hydrochloric acid 250 ml (1:20) hydrochloric acid
distilled water*

[30]
[31]

EDTA/DEA 25 ml triethanolamine
9.3 g disodium EDTA*2H2O
17.3 ml diethylamine (DEA)
fill to 100 ml with distilled water
1600 ml distilled water
distilled water*

[21,32]

EDTA/NaOH 500 ml disodium EDTA*2H2O (0.05 M) in
NaOH (0.1 M)
500 ml distilled water
50 ml (1:1) triethanolamine:water
125 ml NaOH (1 M) to adjust pH
distilled water and ethanol*

[11,14,33]

Picric acid 11 g picric acid
60 ml methanol
40 ml distilled water
methanol*
500 ml distilled water at 40 °C*

[2,3]

*Rinse solution.

Fig. 1. Backscattered image of a FA blended cement at 28 days and its corresponding
grey level histogram (P: porosity, HP: hydration products other than Portlandite, CH:
Portlandite, An: unreacted clinker particle, FA: fly ash).
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and weighted Whatman GF/C filter (minimum particle size retained
1.2 μm). The residue was washed with distilled water, ethanol or
methanol (see Table 4). The filter and residue were dried at 40 °C until
a constant weight was reached. The weight of the samples was
corrected for the water uptake during hydration using the dry weight
as determined by TGA at 600 ° C.

2.2.2. Diluted alkaline solutions
The reaction of FA can be followed by measuring the dissolution of

FA in a diluted alkaline solution [15] that has the same pH as observed
in the pore solution of the cement paste (pH 13.6 for 65% OPC/+35%
FA). Themeasured dissolved concentrations of Si and Al can be used to
calculate the amount of dissolved glass of the FA.

0.050 g of FA was added to 50 ml 0.1, 0.2 and 0.5 mol/l NaOH
solutions corresponding to a pHof 13.1, 13.3 and 13.7 respectively. After
1, 2, 3, 7, 14 and 28 days the Si content of the solutionwas analysed by a
Dionex Ion Chromatography system (ICS) 3000 using Si standards from
Fluka as reference. The Al content was only determined for the 0.5 mol/
l NaOH solution using a simultaneous ICP-OES Varian Vista Pro.

To calculate the reaction of the FA, the dissolved quantities of Al
and Si are compared to the glass composition as given in Table 3.

2.2.3. Scanning electron microscopy
An ESEM Philips FEG-XL30 microscope was used. The accelerating

voltage of the beamwas 15KV to provide a good compromise between
spatial resolution and adequate excitation of the FeKα peak.

2.2.3.1. Residues of selective dissolution. Polished sections of the
residues of the different selective dissolution techniques were studied
using both backscattered electron (BSE) imaging and energy
dispersive X-ray spectroscopy (EDS) to check the nature of the
elements present in the residues.

2.2.3.2. Reaction of the FA. To study the reaction of FA, a slice was cut
from the hydrated paste samples at different hydration times. The slices
were immersed in isopropanol for 30 min to stop hydration and then
dried in an oven for 1 day at 40 °C. After drying, the slices were vacuum
impregnated with low viscosity resin and gradually polished down to
0.1 μm using diamond pastes. The drying and impregnation procedure
did not induce any significant cracks. Backscattered electron (BSE)
images of the polished sections were acquired using the ESEM. For the
BSE imaging, the spot size was chosen to have a good resolution of the
images. To avoid the charging effect, all specimens were coated with a
thin film of carbon (around 5 nm). A typical BSE image and its
corresponding grey level histogram are given in Fig. 1.

Image analysis of backscattered electron (BSE) images was carried
applying different filters to the BSE images to get the volume fraction
of unhydrated FA. The SEM-BSE images can be analysed to get volume
fractions of phases in concrete, based on application of segmentation
methods. The area fractions obtained from a 2D cross-section are
equal to volume fractions from the 3D real structure when materials
have a random and isotropic nature. The microstructure of cement
paste can be considered to satisfy those stereological conditions [23].

As cementitious materials are heterogeneous, phase quantification
by image analysis is usually done on a large number of fields in order
to take into account the variations from one field to the other. Some

Table 3
Glass composition FA.

Glass* [g/100 g]

SiO2 54.1
Al2O3 17.9
Fe2O3 9.1
CaO 9.8
MgO 3.5
K2O 2.4
Na2O 1.0

*Glass composition calculated from XRF and Rietveld-XRD data.
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Description of the different selective dissolution methods tested.
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Salicylic acid 6 g salicylic acid
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methanol*

[2,8–11]
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5 g salicylic acid
4.2 ml hydrochloric acid
fill to 100 ml with methanol
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[13]

Hydrochloric acid 250 ml (1:20) hydrochloric acid
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[30]
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17.3 ml diethylamine (DEA)
fill to 100 ml with distilled water
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[21,32]

EDTA/NaOH 500 ml disodium EDTA*2H2O (0.05 M) in
NaOH (0.1 M)
500 ml distilled water
50 ml (1:1) triethanolamine:water
125 ml NaOH (1 M) to adjust pH
distilled water and ethanol*

[11,14,33]

Picric acid 11 g picric acid
60 ml methanol
40 ml distilled water
methanol*
500 ml distilled water at 40 °C*

[2,3]

*Rinse solution.

Fig. 1. Backscattered image of a FA blended cement at 28 days and its corresponding
grey level histogram (P: porosity, HP: hydration products other than Portlandite, CH:
Portlandite, An: unreacted clinker particle, FA: fly ash).
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and weighted Whatman GF/C filter (minimum particle size retained
1.2 μm). The residue was washed with distilled water, ethanol or
methanol (see Table 4). The filter and residue were dried at 40 °C until
a constant weight was reached. The weight of the samples was
corrected for the water uptake during hydration using the dry weight
as determined by TGA at 600 ° C.

2.2.2. Diluted alkaline solutions
The reaction of FA can be followed by measuring the dissolution of

FA in a diluted alkaline solution [15] that has the same pH as observed
in the pore solution of the cement paste (pH 13.6 for 65% OPC/+35%
FA). Themeasured dissolved concentrations of Si and Al can be used to
calculate the amount of dissolved glass of the FA.

0.050 g of FA was added to 50 ml 0.1, 0.2 and 0.5 mol/l NaOH
solutions corresponding to a pHof 13.1, 13.3 and 13.7 respectively. After
1, 2, 3, 7, 14 and 28 days the Si content of the solutionwas analysed by a
Dionex Ion Chromatography system (ICS) 3000 using Si standards from
Fluka as reference. The Al content was only determined for the 0.5 mol/
l NaOH solution using a simultaneous ICP-OES Varian Vista Pro.

To calculate the reaction of the FA, the dissolved quantities of Al
and Si are compared to the glass composition as given in Table 3.

2.2.3. Scanning electron microscopy
An ESEM Philips FEG-XL30 microscope was used. The accelerating

voltage of the beamwas 15KV to provide a good compromise between
spatial resolution and adequate excitation of the FeKα peak.

2.2.3.1. Residues of selective dissolution. Polished sections of the
residues of the different selective dissolution techniques were studied
using both backscattered electron (BSE) imaging and energy
dispersive X-ray spectroscopy (EDS) to check the nature of the
elements present in the residues.

2.2.3.2. Reaction of the FA. To study the reaction of FA, a slice was cut
from the hydrated paste samples at different hydration times. The slices
were immersed in isopropanol for 30 min to stop hydration and then
dried in an oven for 1 day at 40 °C. After drying, the slices were vacuum
impregnated with low viscosity resin and gradually polished down to
0.1 μm using diamond pastes. The drying and impregnation procedure
did not induce any significant cracks. Backscattered electron (BSE)
images of the polished sections were acquired using the ESEM. For the
BSE imaging, the spot size was chosen to have a good resolution of the
images. To avoid the charging effect, all specimens were coated with a
thin film of carbon (around 5 nm). A typical BSE image and its
corresponding grey level histogram are given in Fig. 1.

Image analysis of backscattered electron (BSE) images was carried
applying different filters to the BSE images to get the volume fraction
of unhydrated FA. The SEM-BSE images can be analysed to get volume
fractions of phases in concrete, based on application of segmentation
methods. The area fractions obtained from a 2D cross-section are
equal to volume fractions from the 3D real structure when materials
have a random and isotropic nature. The microstructure of cement
paste can be considered to satisfy those stereological conditions [23].

As cementitious materials are heterogeneous, phase quantification
by image analysis is usually done on a large number of fields in order
to take into account the variations from one field to the other. Some

Table 3
Glass composition FA.

Glass* [g/100 g]

SiO2 54.1
Al2O3 17.9
Fe2O3 9.1
CaO 9.8
MgO 3.5
K2O 2.4
Na2O 1.0

*Glass composition calculated from XRF and Rietveld-XRD data.

Table 4
Description of the different selective dissolution methods tested.

Methods Chemicals needed/1 g sample References

Salicylic acid 6 g salicylic acid
40 ml methanol
methanol*

[2,8–11]

Hydrochloric and
salicylic acid

5 g salicylic acid
4.2 ml hydrochloric acid
fill to 100 ml with methanol
methanol*

[13]

Hydrochloric acid 250 ml (1:20) hydrochloric acid
distilled water*

[30]
[31]

EDTA/DEA 25 ml triethanolamine
9.3 g disodium EDTA*2H2O
17.3 ml diethylamine (DEA)
fill to 100 ml with distilled water
1600 ml distilled water
distilled water*

[21,32]

EDTA/NaOH 500 ml disodium EDTA*2H2O (0.05 M) in
NaOH (0.1 M)
500 ml distilled water
50 ml (1:1) triethanolamine:water
125 ml NaOH (1 M) to adjust pH
distilled water and ethanol*

[11,14,33]

Picric acid 11 g picric acid
60 ml methanol
40 ml distilled water
methanol*
500 ml distilled water at 40 °C*

[2,3]

*Rinse solution.

Fig. 1. Backscattered image of a FA blended cement at 28 days and its corresponding
grey level histogram (P: porosity, HP: hydration products other than Portlandite, CH:
Portlandite, An: unreacted clinker particle, FA: fly ash).
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authors have tried to optimise the number of images to be taken, as a
function of the magnification, to achieve the lowest standard error on
the quantified phases [20,22,24]. At a magnification of 1600×, 60
images are found to be sufficient to include more than 20,000 FA
particles which are large enough to ensure that the results are
statistically relevant.

Concerning the BSE images of FA blended cements, there are many
small FA particles. Omitting the small particles in the images could
lead to great underestimation in volume fraction of unreacted FA in
the pastes. Therefore, all images for the quantification are acquired
with 1024×800 pixels at amagnification of 1600. The pixel size at this
magnification is 0.14 μm. This is however not the minimum size
measured as the threshold for any species involves an averaging effect
whereby some pixels counted for the different species present in the
images in fact contain some other species and vice versa
corresponding to a threshold of approximately 1 μm. The result will
remain always within the error of measurement of the technique. The
magnification used offers the possibility to capture more than 97% of
the starting material, as about 3% of the unreacted FA is smaller than
1 μm (see Fig. 2).

3. Assessment of the efficiency of selective dissolution methods

3.1. Mass differences

A comparison of the different selective dissolution methods is
shown in the Table 5. The residue R is calculated by subtracting the
weight of the filter,wF, from theweight of the treated sample (TS) and
the filter (F) after drying at 40 °C, wTS+F. This value is reported
relative to the dry weight of the hydrated sample (DS), obtained by
TGA at 600 °C, wDS=wS,600 °C:

RS =
wTS + F−wF

wDS

An efficient technique should dissolve all unreacted OPC; the
residue after selective dissolution should be close to zero. Comparing
the residue of unreacted OPC in Table 5, it is clear that the method
using salicylic acid is ineffective as 36% of the OPC remains
undissolved after 3 h. If salicylic acid is used together with HCl or
just HCl was used, more OPC is dissolved but if the samples are kept
longer than 1 h in the solution, glassy particles have been observed to
precipitate, most likely silica gel. The use of EDTA/DEA, EDTA/NaOH
and picric acid resulted in a nearly complete reaction of the OPC
(residue of about 2 wt.%).

The ideal method should also leave the unreacted fly ash
undissolved, resulting in a residue close to 100%. Comparing the
results of the different applied selective dissolution techniques
(Table 5), it can be seen that salicylic acid dissolves the least of the
unreacted FA (3%) and picric acid the most (18%). The EDTA methods
dissolve about 10% of the fly ash. The fact that the residue of the pure
fly ash is not 100% could be explained by the dissolution of the finest
and/or most reactive fly ash particles or the passing of the finest
particles through the filter.

The percentage of fly ash reacted is calculated as follows:

%FA =
RUP−RHP

RUP

� �
× 100

RUP=ROPC× %OPC+ RFA× %FA+RL× %L with %OPC+ %FA+ %
L=100%where RUP is the calculated residue of the unhydrated blended
paste which is the sum of the residues of the unreacted components
(ROPC, RFA and RL) and RHP is the residue of the hydrated blended paste.

In the hydrated sample (reacted OPC-FA) a part of the FA should
have reacted after 90 days. The residue should therefore be lower than
the initial 20% FA content used. All methods, if the amount of
unreacted OPC is considered, achieve this requirement. The calculated
degree of FA reaction, however, varies from 3 to 32% with an error of
measurement of ±1.0%, as the balance records with a sensitivity of
0.0001 g.

A good selective dissolution method is expected to be able to
determine the amount of unreacted FA correctly. The residue of the
hydrated sample (reacted OPC-FA) containing additional 20% of
unhydrated FA should be close to the expected value, that is the sum
of 80% of the residue of hydrated sample (reacted OPC-FA) and 20% of
the residue of FA (the unreacted fly ash). Based on these results (see
Table 5) all the methods perform about equally well.

3.2. Microscopic evaluation

The residues of the hydrated fly ash cement paste (reacted OPC-
FA) were impregnated with epoxy resin and examined with SEM by
backscattered (BSE) imaging coupled to energy-dispersive X-ray
spectroscopy (EDS), see Fig. 3.

After extraction with salicylic acid, unreacted FA particles,
hydration phases and certain parts of the unreacted OPC phases are
still present (Fig. 3 A). The EDS point analyses show the presence of
aluminium and sulphur rich phases as well as some silicate hydrates
in the remaining hydration products. The presence of these hydration
phases as well as unreacted OPC phases in the residue explains the
high amount of residue found after the treatment (Table 5). In the
unreacted clinker grains the silicate phases are dissolved and the iron
and aluminum rich phases, C3A and C4AF, remain. These results are in
agreement with the findings of Gutteridge [8] using the same method
on unreacted cement. This method is thus not suitable for the
determination of the degree of reaction of the fly ash.Fig. 2. Particle size distribution of FA obtained by laser granulometry.

Table 5
Assessment of the selective dissolution results: residue (R) as a % of the initial mass.

Method Salicylic
acid

Salicylic acid+HCl HCl EDTA/
DEA

EDTA/
NaOH

picric
acid

Time 3 h 30 min 1 h 2 h 3 h 3 h 2 h 1 h 40 min

OPC 36.6 10.0 7.9 7.2 6.6 4.3 1.9 2.2 1.7
FA 96.9 93.4 90.7 92.2 82.5
reacted OPC-FA 47.2 22.2 15.8 17.2 12.2
% FA reacted 3.0 16.7 20.0 14.6 31.9
80%reacted
OPC-FA+
20% FA

61.5 35.7 28.2 33.8 28.8

Expected 57.1 36.4 30.7 32.2 26.2
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authors have tried to optimise the number of images to be taken, as a
function of the magnification, to achieve the lowest standard error on
the quantified phases [20,22,24]. At a magnification of 1600×, 60
images are found to be sufficient to include more than 20,000 FA
particles which are large enough to ensure that the results are
statistically relevant.

Concerning the BSE images of FA blended cements, there are many
small FA particles. Omitting the small particles in the images could
lead to great underestimation in volume fraction of unreacted FA in
the pastes. Therefore, all images for the quantification are acquired
with 1024×800 pixels at amagnification of 1600. The pixel size at this
magnification is 0.14 μm. This is however not the minimum size
measured as the threshold for any species involves an averaging effect
whereby some pixels counted for the different species present in the
images in fact contain some other species and vice versa
corresponding to a threshold of approximately 1 μm. The result will
remain always within the error of measurement of the technique. The
magnification used offers the possibility to capture more than 97% of
the starting material, as about 3% of the unreacted FA is smaller than
1 μm (see Fig. 2).

3. Assessment of the efficiency of selective dissolution methods

3.1. Mass differences

A comparison of the different selective dissolution methods is
shown in the Table 5. The residue R is calculated by subtracting the
weight of the filter,wF, from theweight of the treated sample (TS) and
the filter (F) after drying at 40 °C, wTS+F. This value is reported
relative to the dry weight of the hydrated sample (DS), obtained by
TGA at 600 °C, wDS=wS,600 °C:

RS =
wTS + F−wF

wDS

An efficient technique should dissolve all unreacted OPC; the
residue after selective dissolution should be close to zero. Comparing
the residue of unreacted OPC in Table 5, it is clear that the method
using salicylic acid is ineffective as 36% of the OPC remains
undissolved after 3 h. If salicylic acid is used together with HCl or
just HCl was used, more OPC is dissolved but if the samples are kept
longer than 1 h in the solution, glassy particles have been observed to
precipitate, most likely silica gel. The use of EDTA/DEA, EDTA/NaOH
and picric acid resulted in a nearly complete reaction of the OPC
(residue of about 2 wt.%).

The ideal method should also leave the unreacted fly ash
undissolved, resulting in a residue close to 100%. Comparing the
results of the different applied selective dissolution techniques
(Table 5), it can be seen that salicylic acid dissolves the least of the
unreacted FA (3%) and picric acid the most (18%). The EDTA methods
dissolve about 10% of the fly ash. The fact that the residue of the pure
fly ash is not 100% could be explained by the dissolution of the finest
and/or most reactive fly ash particles or the passing of the finest
particles through the filter.

The percentage of fly ash reacted is calculated as follows:

%FA =
RUP−RHP

RUP

� �
× 100

RUP=ROPC× %OPC+ RFA× %FA+RL× %L with %OPC+ %FA+ %
L=100%where RUP is the calculated residue of the unhydrated blended
paste which is the sum of the residues of the unreacted components
(ROPC, RFA and RL) and RHP is the residue of the hydrated blended paste.

In the hydrated sample (reacted OPC-FA) a part of the FA should
have reacted after 90 days. The residue should therefore be lower than
the initial 20% FA content used. All methods, if the amount of
unreacted OPC is considered, achieve this requirement. The calculated
degree of FA reaction, however, varies from 3 to 32% with an error of
measurement of ±1.0%, as the balance records with a sensitivity of
0.0001 g.

A good selective dissolution method is expected to be able to
determine the amount of unreacted FA correctly. The residue of the
hydrated sample (reacted OPC-FA) containing additional 20% of
unhydrated FA should be close to the expected value, that is the sum
of 80% of the residue of hydrated sample (reacted OPC-FA) and 20% of
the residue of FA (the unreacted fly ash). Based on these results (see
Table 5) all the methods perform about equally well.

3.2. Microscopic evaluation

The residues of the hydrated fly ash cement paste (reacted OPC-
FA) were impregnated with epoxy resin and examined with SEM by
backscattered (BSE) imaging coupled to energy-dispersive X-ray
spectroscopy (EDS), see Fig. 3.

After extraction with salicylic acid, unreacted FA particles,
hydration phases and certain parts of the unreacted OPC phases are
still present (Fig. 3 A). The EDS point analyses show the presence of
aluminium and sulphur rich phases as well as some silicate hydrates
in the remaining hydration products. The presence of these hydration
phases as well as unreacted OPC phases in the residue explains the
high amount of residue found after the treatment (Table 5). In the
unreacted clinker grains the silicate phases are dissolved and the iron
and aluminum rich phases, C3A and C4AF, remain. These results are in
agreement with the findings of Gutteridge [8] using the same method
on unreacted cement. This method is thus not suitable for the
determination of the degree of reaction of the fly ash.Fig. 2. Particle size distribution of FA obtained by laser granulometry.

Table 5
Assessment of the selective dissolution results: residue (R) as a % of the initial mass.

Method Salicylic
acid

Salicylic acid+HCl HCl EDTA/
DEA

EDTA/
NaOH

picric
acid

Time 3 h 30 min 1 h 2 h 3 h 3 h 2 h 1 h 40 min

OPC 36.6 10.0 7.9 7.2 6.6 4.3 1.9 2.2 1.7
FA 96.9 93.4 90.7 92.2 82.5
reacted OPC-FA 47.2 22.2 15.8 17.2 12.2
% FA reacted 3.0 16.7 20.0 14.6 31.9
80%reacted
OPC-FA+
20% FA

61.5 35.7 28.2 33.8 28.8

Expected 57.1 36.4 30.7 32.2 26.2
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authors have tried to optimise the number of images to be taken, as a
function of the magnification, to achieve the lowest standard error on
the quantified phases [20,22,24]. At a magnification of 1600×, 60
images are found to be sufficient to include more than 20,000 FA
particles which are large enough to ensure that the results are
statistically relevant.

Concerning the BSE images of FA blended cements, there are many
small FA particles. Omitting the small particles in the images could
lead to great underestimation in volume fraction of unreacted FA in
the pastes. Therefore, all images for the quantification are acquired
with 1024×800 pixels at amagnification of 1600. The pixel size at this
magnification is 0.14 μm. This is however not the minimum size
measured as the threshold for any species involves an averaging effect
whereby some pixels counted for the different species present in the
images in fact contain some other species and vice versa
corresponding to a threshold of approximately 1 μm. The result will
remain always within the error of measurement of the technique. The
magnification used offers the possibility to capture more than 97% of
the starting material, as about 3% of the unreacted FA is smaller than
1 μm (see Fig. 2).

3. Assessment of the efficiency of selective dissolution methods

3.1. Mass differences

A comparison of the different selective dissolution methods is
shown in the Table 5. The residue R is calculated by subtracting the
weight of the filter,wF, from theweight of the treated sample (TS) and
the filter (F) after drying at 40 °C, wTS+F. This value is reported
relative to the dry weight of the hydrated sample (DS), obtained by
TGA at 600 °C, wDS=wS,600 °C:

RS =
wTS + F−wF

wDS

An efficient technique should dissolve all unreacted OPC; the
residue after selective dissolution should be close to zero. Comparing
the residue of unreacted OPC in Table 5, it is clear that the method
using salicylic acid is ineffective as 36% of the OPC remains
undissolved after 3 h. If salicylic acid is used together with HCl or
just HCl was used, more OPC is dissolved but if the samples are kept
longer than 1 h in the solution, glassy particles have been observed to
precipitate, most likely silica gel. The use of EDTA/DEA, EDTA/NaOH
and picric acid resulted in a nearly complete reaction of the OPC
(residue of about 2 wt.%).

The ideal method should also leave the unreacted fly ash
undissolved, resulting in a residue close to 100%. Comparing the
results of the different applied selective dissolution techniques
(Table 5), it can be seen that salicylic acid dissolves the least of the
unreacted FA (3%) and picric acid the most (18%). The EDTA methods
dissolve about 10% of the fly ash. The fact that the residue of the pure
fly ash is not 100% could be explained by the dissolution of the finest
and/or most reactive fly ash particles or the passing of the finest
particles through the filter.

The percentage of fly ash reacted is calculated as follows:

%FA =
RUP−RHP

RUP

� �
× 100

RUP=ROPC× %OPC+ RFA× %FA+RL× %L with %OPC+ %FA+ %
L=100%where RUP is the calculated residue of the unhydrated blended
paste which is the sum of the residues of the unreacted components
(ROPC, RFA and RL) and RHP is the residue of the hydrated blended paste.

In the hydrated sample (reacted OPC-FA) a part of the FA should
have reacted after 90 days. The residue should therefore be lower than
the initial 20% FA content used. All methods, if the amount of
unreacted OPC is considered, achieve this requirement. The calculated
degree of FA reaction, however, varies from 3 to 32% with an error of
measurement of ±1.0%, as the balance records with a sensitivity of
0.0001 g.

A good selective dissolution method is expected to be able to
determine the amount of unreacted FA correctly. The residue of the
hydrated sample (reacted OPC-FA) containing additional 20% of
unhydrated FA should be close to the expected value, that is the sum
of 80% of the residue of hydrated sample (reacted OPC-FA) and 20% of
the residue of FA (the unreacted fly ash). Based on these results (see
Table 5) all the methods perform about equally well.

3.2. Microscopic evaluation

The residues of the hydrated fly ash cement paste (reacted OPC-
FA) were impregnated with epoxy resin and examined with SEM by
backscattered (BSE) imaging coupled to energy-dispersive X-ray
spectroscopy (EDS), see Fig. 3.

After extraction with salicylic acid, unreacted FA particles,
hydration phases and certain parts of the unreacted OPC phases are
still present (Fig. 3 A). The EDS point analyses show the presence of
aluminium and sulphur rich phases as well as some silicate hydrates
in the remaining hydration products. The presence of these hydration
phases as well as unreacted OPC phases in the residue explains the
high amount of residue found after the treatment (Table 5). In the
unreacted clinker grains the silicate phases are dissolved and the iron
and aluminum rich phases, C3A and C4AF, remain. These results are in
agreement with the findings of Gutteridge [8] using the same method
on unreacted cement. This method is thus not suitable for the
determination of the degree of reaction of the fly ash.Fig. 2. Particle size distribution of FA obtained by laser granulometry.

Table 5
Assessment of the selective dissolution results: residue (R) as a % of the initial mass.

Method Salicylic
acid

Salicylic acid+HCl HCl EDTA/
DEA

EDTA/
NaOH

picric
acid

Time 3 h 30 min 1 h 2 h 3 h 3 h 2 h 1 h 40 min

OPC 36.6 10.0 7.9 7.2 6.6 4.3 1.9 2.2 1.7
FA 96.9 93.4 90.7 92.2 82.5
reacted OPC-FA 47.2 22.2 15.8 17.2 12.2
% FA reacted 3.0 16.7 20.0 14.6 31.9
80%reacted
OPC-FA+
20% FA

61.5 35.7 28.2 33.8 28.8

Expected 57.1 36.4 30.7 32.2 26.2
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authors have tried to optimise the number of images to be taken, as a
function of the magnification, to achieve the lowest standard error on
the quantified phases [20,22,24]. At a magnification of 1600×, 60
images are found to be sufficient to include more than 20,000 FA
particles which are large enough to ensure that the results are
statistically relevant.

Concerning the BSE images of FA blended cements, there are many
small FA particles. Omitting the small particles in the images could
lead to great underestimation in volume fraction of unreacted FA in
the pastes. Therefore, all images for the quantification are acquired
with 1024×800 pixels at amagnification of 1600. The pixel size at this
magnification is 0.14 μm. This is however not the minimum size
measured as the threshold for any species involves an averaging effect
whereby some pixels counted for the different species present in the
images in fact contain some other species and vice versa
corresponding to a threshold of approximately 1 μm. The result will
remain always within the error of measurement of the technique. The
magnification used offers the possibility to capture more than 97% of
the starting material, as about 3% of the unreacted FA is smaller than
1 μm (see Fig. 2).

3. Assessment of the efficiency of selective dissolution methods

3.1. Mass differences

A comparison of the different selective dissolution methods is
shown in the Table 5. The residue R is calculated by subtracting the
weight of the filter,wF, from theweight of the treated sample (TS) and
the filter (F) after drying at 40 °C, wTS+F. This value is reported
relative to the dry weight of the hydrated sample (DS), obtained by
TGA at 600 °C, wDS=wS,600 °C:

RS =
wTS + F−wF

wDS

An efficient technique should dissolve all unreacted OPC; the
residue after selective dissolution should be close to zero. Comparing
the residue of unreacted OPC in Table 5, it is clear that the method
using salicylic acid is ineffective as 36% of the OPC remains
undissolved after 3 h. If salicylic acid is used together with HCl or
just HCl was used, more OPC is dissolved but if the samples are kept
longer than 1 h in the solution, glassy particles have been observed to
precipitate, most likely silica gel. The use of EDTA/DEA, EDTA/NaOH
and picric acid resulted in a nearly complete reaction of the OPC
(residue of about 2 wt.%).

The ideal method should also leave the unreacted fly ash
undissolved, resulting in a residue close to 100%. Comparing the
results of the different applied selective dissolution techniques
(Table 5), it can be seen that salicylic acid dissolves the least of the
unreacted FA (3%) and picric acid the most (18%). The EDTA methods
dissolve about 10% of the fly ash. The fact that the residue of the pure
fly ash is not 100% could be explained by the dissolution of the finest
and/or most reactive fly ash particles or the passing of the finest
particles through the filter.

The percentage of fly ash reacted is calculated as follows:

%FA =
RUP−RHP

RUP

� �
× 100

RUP=ROPC× %OPC+ RFA× %FA+RL× %L with %OPC+ %FA+ %
L=100%where RUP is the calculated residue of the unhydrated blended
paste which is the sum of the residues of the unreacted components
(ROPC, RFA and RL) and RHP is the residue of the hydrated blended paste.

In the hydrated sample (reacted OPC-FA) a part of the FA should
have reacted after 90 days. The residue should therefore be lower than
the initial 20% FA content used. All methods, if the amount of
unreacted OPC is considered, achieve this requirement. The calculated
degree of FA reaction, however, varies from 3 to 32% with an error of
measurement of ±1.0%, as the balance records with a sensitivity of
0.0001 g.

A good selective dissolution method is expected to be able to
determine the amount of unreacted FA correctly. The residue of the
hydrated sample (reacted OPC-FA) containing additional 20% of
unhydrated FA should be close to the expected value, that is the sum
of 80% of the residue of hydrated sample (reacted OPC-FA) and 20% of
the residue of FA (the unreacted fly ash). Based on these results (see
Table 5) all the methods perform about equally well.

3.2. Microscopic evaluation

The residues of the hydrated fly ash cement paste (reacted OPC-
FA) were impregnated with epoxy resin and examined with SEM by
backscattered (BSE) imaging coupled to energy-dispersive X-ray
spectroscopy (EDS), see Fig. 3.

After extraction with salicylic acid, unreacted FA particles,
hydration phases and certain parts of the unreacted OPC phases are
still present (Fig. 3 A). The EDS point analyses show the presence of
aluminium and sulphur rich phases as well as some silicate hydrates
in the remaining hydration products. The presence of these hydration
phases as well as unreacted OPC phases in the residue explains the
high amount of residue found after the treatment (Table 5). In the
unreacted clinker grains the silicate phases are dissolved and the iron
and aluminum rich phases, C3A and C4AF, remain. These results are in
agreement with the findings of Gutteridge [8] using the same method
on unreacted cement. This method is thus not suitable for the
determination of the degree of reaction of the fly ash.Fig. 2. Particle size distribution of FA obtained by laser granulometry.

Table 5
Assessment of the selective dissolution results: residue (R) as a % of the initial mass.

Method Salicylic
acid

Salicylic acid+HCl HCl EDTA/
DEA

EDTA/
NaOH

picric
acid

Time 3 h 30 min 1 h 2 h 3 h 3 h 2 h 1 h 40 min

OPC 36.6 10.0 7.9 7.2 6.6 4.3 1.9 2.2 1.7
FA 96.9 93.4 90.7 92.2 82.5
reacted OPC-FA 47.2 22.2 15.8 17.2 12.2
% FA reacted 3.0 16.7 20.0 14.6 31.9
80%reacted
OPC-FA+
20% FA

61.5 35.7 28.2 33.8 28.8

Expected 57.1 36.4 30.7 32.2 26.2
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The residues after the selective dissolution using both salicylic acid
and hydrochloric acid contain besides unreacted fly ash particles and
MgO particles, parts of the hydrated phases (Fig. 3 B). These parts are

rich in calcium and sulfur with some traces of aluminium. This is in
agreement with the previous reported results [13] that find that using
this dissolution method only 1/3 of the gypsum dissolves. The

Fig. 3. Backscattered electron (BSE) image of the residues of OPC-FA reacted for 90 days after selective dissolution with A) salicylic, B) salicylic acid and hydrochloric acid, C) EDTA
and DEA, D) EDTA and NaOH and E) picric acid.
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presence of these Ca–S-phases might lead to a not neglectable residue
due to the initial volume of the gypsum in the OPC.

After treating the hydrated paste with the EDTA and DEA (Fig. 3 C)
a residue rich in Mg, Al and Si is found between the fly ash particles.
The residue consists of unreacted fly ash particles and MgO particles
and an amorphous phase rich in Mg, Al and Si.

The residue after treating the hydrated paste with the EDTA and
NaOH method is found to be similar to the one found after treatment
with EDTA and DEA (Fig. 3 D). Some pureMgO particles are embedded
in this residue. The residue of a 65% OPC+35% FA blended cement
hydrated for 140 day examined by TGA exhibits a weight loss of 4%
(50–600 °C), indicating the presence of hydration phases. The profile
of the weight loss curve shows similarities to the weight loss pattern
of hydrotalcite confirming the findings of the ESEM observation on the
residue. Many clusters of fine fly ash particles are spotted when
studying the residue. This might indicate that this method is not too
aggressive towards finer fly ash particles.

Using picric acid, no hydration products are found in the residue
(Fig. 3 E). Most remaining fly ash particles appear to be quite large. Only
few clusters of finer particles can be observed when compared to the
residues from the other techniques. This might indicate that treatment
with picric acid dissolves a part of the smaller fly ash particles.

3.3. Comparison of the selective dissolution techniques

From both the evaluation of the mass of the different residues and
the examination of the residues with SEM it can be concluded that
salicylic acid is not suitable for the purpose of determining the degree of
reaction of FA as it does not dissolve the hydration phases and certain
unreacted OPC phases (C3A and C4AF). The performance of the selective
dissolution improves when salicylic acid is combinedwith hydrochloric
acid. No unhydrated clinker phases were found, but still an amorphous
residue of hydration phases rich in Ca and S is detected. This introduces
errors in the determination of the degree of reaction of the fly ash.
Selective dissolution using picric acid results in the smallest residue for
the hydrated paste. The residue consists only of not too small unreacted
fly ash particles. No residues of hydration phases or unreacted clinker
grains are found, but 18% of the unhydrated FA has dissolved. This
method seems to be rather too harsh for determining the degree of
reaction of the fly ash. In addition, picric acid can be explosive upon
drying [25,26]. Thus this method is not recommended. The two EDTA
selective dissolution techniques using DEA or NaOH lead to similar
results. The residue after the selective dissolution consists of unreacted
fly ash particles, Mg-rich particles and a Mg–Al–Si rich amorphous
phases. The presence of these amorphous phases in the residue leads to
anerror in thedeterminationof thedegree of reactionof thefly ash infly
ash blended cements. By comparing the systematic error, the ability to
determine the amount of unhydrated FA correctly (Table 5), user-
friendliness and the residues, it can be concluded that the EDTA with
NaOH appears to be the most suitable selective dissolution method to
determine the degree of reaction of the fly ash in hydrated FA blended
cement pastes.

4. Determination of FA reaction in blended systems

The degree of reaction of FA over time was determined in two
different FA blended cement systems containing 65% OPC+35% FA
and 65% OPC+30% FA+5% L, respectively. Cement pastes with water
to binder ratio of 0.5 were prepared using a vacuum mixer from
Renfert. The paste was poured in to 60 ml cylindrical plastic bottles
and stored under sealed conditions at 20 °C.

4.1. EDTA with NaOH

The results of the selective dissolution with EDTA and NaOH are
given in the Table 6; 92% of the unreacted FA, 2% of the OPC and 17% of

the limestone remain after treatment. The 2% residue of the OPCmight
be related to the MgO particles present in the OPC which do not
dissolve by the EDTA and NaOH treatment, as shown by the ESEM and
TGA investigation of the residues. The 17% residue of the limestone
corresponds to the quantity of impurities present (Table 1). The 8% of
FA which disappears during the EDTA treatment might either slip
through the filter or is due to the dissolution of readily soluble small
particles or phases present in the FA. To check the importance of the
passing size, a finer filter (0.7 μm) was used. However, no differences
in the residues are observed.

The residues are calculated as described in the Section 3.1. Those of
the hydrated pastes are corrected for residues of the raw materials
(FA, limestone and OPC). Concerning OPC and L, their residues have
only a minor effect on the calculated % of reacted FA. However, the
residue of FA has a significant impact (up to 8%). Omitting the later
correction leads to an overestimation of the amount of FA reacted at
early age, but it might be more accurate at later age as the part of the
unreacted FA that dissolves in the selective dissolution (small reactive
particles), might have reacted anyway during hydration.

Minimal and maximal values are reported in Table 6 and Fig. 4 as
different assumptions can be made for the calculations. At early
reaction times, it might be appropriate to use the measured residue of
the unhydrated OPC and FA, to calculate the degree of reaction
(minimal value). At later ages, however, all the small particles
originally present in the FA might have reacted completely, so that
this correction is no longer adequate but better the theoretical
amount of FA (35% or 30% FA) is used (maximal value). The difference
between the two assumptions is significant (up to 8% of difference in %
reacted FA), see Table 6.

The reproducibility of the selective dissolution is high; a standard
deviation of 0.2% on a 32.1% residue was obtained on triplicate
samples, an error which is very small compared to the error
introduced by the assumptions needed to calculate the amount of
FA reacted. These assumptions are a major cause of errors, rendering
this method inadequate for quantifying the degree of reaction of FA.

The percentage of FA reacted determined with the three different
methods for the 65% OPC+35% FA and 65% OPC+30% FA+5% L
blends are compared in Fig. 4. The percentage of FA reacted
determined by selective dissolution is generally lower than the values
obtained by other methods. This underestimation is probably due to
the presence of hydrates in the residue (in TGA a weight loss of the
residue of up to 4 wt.% is observed).

Table 6
Reaction of FA in cement pastes containing 65% OPC+35% FA and 65% OPC+30% FA+
5% L determined by dissolution in diluted alkaline solution (DA), image analysis (IA)
and selective dissolution (with EDTA/NaOH).

DA IA Selective dissolution

Time % FA reacted Residue*

[day] Si Al min max

100% FA 92
100% L 17
100% OPC 2
65% OPC 0 0 0 – 0 9 33
+35% FA 1 1 3 2 −2 7 34

7 5 12 8 0 9 33
28 10 22 21 3 12 32
90 14 32 30 9 18 30

140 – – 35 11 19 30
65% OPC 0 0 0 – 0 8 30
+30% FA 1 1 3 1 −3 5 31
+5% L 7 5 12 6 0 8 30

28 10 22 22 3 12 29
90 14 32 29 9 17 27

140 – – 35 12 20 26

*Residues from the selective dissolution used for the calculations.
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presence of these Ca–S-phases might lead to a not neglectable residue
due to the initial volume of the gypsum in the OPC.

After treating the hydrated paste with the EDTA and DEA (Fig. 3 C)
a residue rich in Mg, Al and Si is found between the fly ash particles.
The residue consists of unreacted fly ash particles and MgO particles
and an amorphous phase rich in Mg, Al and Si.

The residue after treating the hydrated paste with the EDTA and
NaOH method is found to be similar to the one found after treatment
with EDTA and DEA (Fig. 3 D). Some pureMgO particles are embedded
in this residue. The residue of a 65% OPC+35% FA blended cement
hydrated for 140 day examined by TGA exhibits a weight loss of 4%
(50–600 °C), indicating the presence of hydration phases. The profile
of the weight loss curve shows similarities to the weight loss pattern
of hydrotalcite confirming the findings of the ESEM observation on the
residue. Many clusters of fine fly ash particles are spotted when
studying the residue. This might indicate that this method is not too
aggressive towards finer fly ash particles.

Using picric acid, no hydration products are found in the residue
(Fig. 3 E). Most remaining fly ash particles appear to be quite large. Only
few clusters of finer particles can be observed when compared to the
residues from the other techniques. This might indicate that treatment
with picric acid dissolves a part of the smaller fly ash particles.

3.3. Comparison of the selective dissolution techniques

From both the evaluation of the mass of the different residues and
the examination of the residues with SEM it can be concluded that
salicylic acid is not suitable for the purpose of determining the degree of
reaction of FA as it does not dissolve the hydration phases and certain
unreacted OPC phases (C3A and C4AF). The performance of the selective
dissolution improves when salicylic acid is combinedwith hydrochloric
acid. No unhydrated clinker phases were found, but still an amorphous
residue of hydration phases rich in Ca and S is detected. This introduces
errors in the determination of the degree of reaction of the fly ash.
Selective dissolution using picric acid results in the smallest residue for
the hydrated paste. The residue consists only of not too small unreacted
fly ash particles. No residues of hydration phases or unreacted clinker
grains are found, but 18% of the unhydrated FA has dissolved. This
method seems to be rather too harsh for determining the degree of
reaction of the fly ash. In addition, picric acid can be explosive upon
drying [25,26]. Thus this method is not recommended. The two EDTA
selective dissolution techniques using DEA or NaOH lead to similar
results. The residue after the selective dissolution consists of unreacted
fly ash particles, Mg-rich particles and a Mg–Al–Si rich amorphous
phases. The presence of these amorphous phases in the residue leads to
anerror in thedeterminationof thedegree of reactionof thefly ash infly
ash blended cements. By comparing the systematic error, the ability to
determine the amount of unhydrated FA correctly (Table 5), user-
friendliness and the residues, it can be concluded that the EDTA with
NaOH appears to be the most suitable selective dissolution method to
determine the degree of reaction of the fly ash in hydrated FA blended
cement pastes.

4. Determination of FA reaction in blended systems

The degree of reaction of FA over time was determined in two
different FA blended cement systems containing 65% OPC+35% FA
and 65% OPC+30% FA+5% L, respectively. Cement pastes with water
to binder ratio of 0.5 were prepared using a vacuum mixer from
Renfert. The paste was poured in to 60 ml cylindrical plastic bottles
and stored under sealed conditions at 20 °C.

4.1. EDTA with NaOH

The results of the selective dissolution with EDTA and NaOH are
given in the Table 6; 92% of the unreacted FA, 2% of the OPC and 17% of

the limestone remain after treatment. The 2% residue of the OPCmight
be related to the MgO particles present in the OPC which do not
dissolve by the EDTA and NaOH treatment, as shown by the ESEM and
TGA investigation of the residues. The 17% residue of the limestone
corresponds to the quantity of impurities present (Table 1). The 8% of
FA which disappears during the EDTA treatment might either slip
through the filter or is due to the dissolution of readily soluble small
particles or phases present in the FA. To check the importance of the
passing size, a finer filter (0.7 μm) was used. However, no differences
in the residues are observed.

The residues are calculated as described in the Section 3.1. Those of
the hydrated pastes are corrected for residues of the raw materials
(FA, limestone and OPC). Concerning OPC and L, their residues have
only a minor effect on the calculated % of reacted FA. However, the
residue of FA has a significant impact (up to 8%). Omitting the later
correction leads to an overestimation of the amount of FA reacted at
early age, but it might be more accurate at later age as the part of the
unreacted FA that dissolves in the selective dissolution (small reactive
particles), might have reacted anyway during hydration.

Minimal and maximal values are reported in Table 6 and Fig. 4 as
different assumptions can be made for the calculations. At early
reaction times, it might be appropriate to use the measured residue of
the unhydrated OPC and FA, to calculate the degree of reaction
(minimal value). At later ages, however, all the small particles
originally present in the FA might have reacted completely, so that
this correction is no longer adequate but better the theoretical
amount of FA (35% or 30% FA) is used (maximal value). The difference
between the two assumptions is significant (up to 8% of difference in %
reacted FA), see Table 6.

The reproducibility of the selective dissolution is high; a standard
deviation of 0.2% on a 32.1% residue was obtained on triplicate
samples, an error which is very small compared to the error
introduced by the assumptions needed to calculate the amount of
FA reacted. These assumptions are a major cause of errors, rendering
this method inadequate for quantifying the degree of reaction of FA.

The percentage of FA reacted determined with the three different
methods for the 65% OPC+35% FA and 65% OPC+30% FA+5% L
blends are compared in Fig. 4. The percentage of FA reacted
determined by selective dissolution is generally lower than the values
obtained by other methods. This underestimation is probably due to
the presence of hydrates in the residue (in TGA a weight loss of the
residue of up to 4 wt.% is observed).

Table 6
Reaction of FA in cement pastes containing 65% OPC+35% FA and 65% OPC+30% FA+
5% L determined by dissolution in diluted alkaline solution (DA), image analysis (IA)
and selective dissolution (with EDTA/NaOH).

DA IA Selective dissolution

Time % FA reacted Residue*

[day] Si Al min max

100% FA 92
100% L 17
100% OPC 2
65% OPC 0 0 0 – 0 9 33
+35% FA 1 1 3 2 −2 7 34

7 5 12 8 0 9 33
28 10 22 21 3 12 32
90 14 32 30 9 18 30

140 – – 35 11 19 30
65% OPC 0 0 0 – 0 8 30
+30% FA 1 1 3 1 −3 5 31
+5% L 7 5 12 6 0 8 30

28 10 22 22 3 12 29
90 14 32 29 9 17 27

140 – – 35 12 20 26

*Residues from the selective dissolution used for the calculations.
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presence of these Ca–S-phases might lead to a not neglectable residue
due to the initial volume of the gypsum in the OPC.

After treating the hydrated paste with the EDTA and DEA (Fig. 3 C)
a residue rich in Mg, Al and Si is found between the fly ash particles.
The residue consists of unreacted fly ash particles and MgO particles
and an amorphous phase rich in Mg, Al and Si.

The residue after treating the hydrated paste with the EDTA and
NaOH method is found to be similar to the one found after treatment
with EDTA and DEA (Fig. 3 D). Some pureMgO particles are embedded
in this residue. The residue of a 65% OPC+35% FA blended cement
hydrated for 140 day examined by TGA exhibits a weight loss of 4%
(50–600 °C), indicating the presence of hydration phases. The profile
of the weight loss curve shows similarities to the weight loss pattern
of hydrotalcite confirming the findings of the ESEM observation on the
residue. Many clusters of fine fly ash particles are spotted when
studying the residue. This might indicate that this method is not too
aggressive towards finer fly ash particles.

Using picric acid, no hydration products are found in the residue
(Fig. 3 E). Most remaining fly ash particles appear to be quite large. Only
few clusters of finer particles can be observed when compared to the
residues from the other techniques. This might indicate that treatment
with picric acid dissolves a part of the smaller fly ash particles.

3.3. Comparison of the selective dissolution techniques

From both the evaluation of the mass of the different residues and
the examination of the residues with SEM it can be concluded that
salicylic acid is not suitable for the purpose of determining the degree of
reaction of FA as it does not dissolve the hydration phases and certain
unreacted OPC phases (C3A and C4AF). The performance of the selective
dissolution improves when salicylic acid is combinedwith hydrochloric
acid. No unhydrated clinker phases were found, but still an amorphous
residue of hydration phases rich in Ca and S is detected. This introduces
errors in the determination of the degree of reaction of the fly ash.
Selective dissolution using picric acid results in the smallest residue for
the hydrated paste. The residue consists only of not too small unreacted
fly ash particles. No residues of hydration phases or unreacted clinker
grains are found, but 18% of the unhydrated FA has dissolved. This
method seems to be rather too harsh for determining the degree of
reaction of the fly ash. In addition, picric acid can be explosive upon
drying [25,26]. Thus this method is not recommended. The two EDTA
selective dissolution techniques using DEA or NaOH lead to similar
results. The residue after the selective dissolution consists of unreacted
fly ash particles, Mg-rich particles and a Mg–Al–Si rich amorphous
phases. The presence of these amorphous phases in the residue leads to
anerror in thedeterminationof thedegree of reactionof thefly ash infly
ash blended cements. By comparing the systematic error, the ability to
determine the amount of unhydrated FA correctly (Table 5), user-
friendliness and the residues, it can be concluded that the EDTA with
NaOH appears to be the most suitable selective dissolution method to
determine the degree of reaction of the fly ash in hydrated FA blended
cement pastes.

4. Determination of FA reaction in blended systems

The degree of reaction of FA over time was determined in two
different FA blended cement systems containing 65% OPC+35% FA
and 65% OPC+30% FA+5% L, respectively. Cement pastes with water
to binder ratio of 0.5 were prepared using a vacuum mixer from
Renfert. The paste was poured in to 60 ml cylindrical plastic bottles
and stored under sealed conditions at 20 °C.

4.1. EDTA with NaOH

The results of the selective dissolution with EDTA and NaOH are
given in the Table 6; 92% of the unreacted FA, 2% of the OPC and 17% of

the limestone remain after treatment. The 2% residue of the OPCmight
be related to the MgO particles present in the OPC which do not
dissolve by the EDTA and NaOH treatment, as shown by the ESEM and
TGA investigation of the residues. The 17% residue of the limestone
corresponds to the quantity of impurities present (Table 1). The 8% of
FA which disappears during the EDTA treatment might either slip
through the filter or is due to the dissolution of readily soluble small
particles or phases present in the FA. To check the importance of the
passing size, a finer filter (0.7 μm) was used. However, no differences
in the residues are observed.

The residues are calculated as described in the Section 3.1. Those of
the hydrated pastes are corrected for residues of the raw materials
(FA, limestone and OPC). Concerning OPC and L, their residues have
only a minor effect on the calculated % of reacted FA. However, the
residue of FA has a significant impact (up to 8%). Omitting the later
correction leads to an overestimation of the amount of FA reacted at
early age, but it might be more accurate at later age as the part of the
unreacted FA that dissolves in the selective dissolution (small reactive
particles), might have reacted anyway during hydration.

Minimal and maximal values are reported in Table 6 and Fig. 4 as
different assumptions can be made for the calculations. At early
reaction times, it might be appropriate to use the measured residue of
the unhydrated OPC and FA, to calculate the degree of reaction
(minimal value). At later ages, however, all the small particles
originally present in the FA might have reacted completely, so that
this correction is no longer adequate but better the theoretical
amount of FA (35% or 30% FA) is used (maximal value). The difference
between the two assumptions is significant (up to 8% of difference in %
reacted FA), see Table 6.

The reproducibility of the selective dissolution is high; a standard
deviation of 0.2% on a 32.1% residue was obtained on triplicate
samples, an error which is very small compared to the error
introduced by the assumptions needed to calculate the amount of
FA reacted. These assumptions are a major cause of errors, rendering
this method inadequate for quantifying the degree of reaction of FA.

The percentage of FA reacted determined with the three different
methods for the 65% OPC+35% FA and 65% OPC+30% FA+5% L
blends are compared in Fig. 4. The percentage of FA reacted
determined by selective dissolution is generally lower than the values
obtained by other methods. This underestimation is probably due to
the presence of hydrates in the residue (in TGA a weight loss of the
residue of up to 4 wt.% is observed).

Table 6
Reaction of FA in cement pastes containing 65% OPC+35% FA and 65% OPC+30% FA+
5% L determined by dissolution in diluted alkaline solution (DA), image analysis (IA)
and selective dissolution (with EDTA/NaOH).

DA IA Selective dissolution

Time % FA reacted Residue*

[day] Si Al min max

100% FA 92
100% L 17
100% OPC 2
65% OPC 0 0 0 – 0 9 33
+35% FA 1 1 3 2 −2 7 34

7 5 12 8 0 9 33
28 10 22 21 3 12 32
90 14 32 30 9 18 30

140 – – 35 11 19 30
65% OPC 0 0 0 – 0 8 30
+30% FA 1 1 3 1 −3 5 31
+5% L 7 5 12 6 0 8 30

28 10 22 22 3 12 29
90 14 32 29 9 17 27

140 – – 35 12 20 26

*Residues from the selective dissolution used for the calculations.
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presence of these Ca–S-phases might lead to a not neglectable residue
due to the initial volume of the gypsum in the OPC.

After treating the hydrated paste with the EDTA and DEA (Fig. 3 C)
a residue rich in Mg, Al and Si is found between the fly ash particles.
The residue consists of unreacted fly ash particles and MgO particles
and an amorphous phase rich in Mg, Al and Si.

The residue after treating the hydrated paste with the EDTA and
NaOH method is found to be similar to the one found after treatment
with EDTA and DEA (Fig. 3 D). Some pureMgO particles are embedded
in this residue. The residue of a 65% OPC+35% FA blended cement
hydrated for 140 day examined by TGA exhibits a weight loss of 4%
(50–600 °C), indicating the presence of hydration phases. The profile
of the weight loss curve shows similarities to the weight loss pattern
of hydrotalcite confirming the findings of the ESEM observation on the
residue. Many clusters of fine fly ash particles are spotted when
studying the residue. This might indicate that this method is not too
aggressive towards finer fly ash particles.

Using picric acid, no hydration products are found in the residue
(Fig. 3 E). Most remaining fly ash particles appear to be quite large. Only
few clusters of finer particles can be observed when compared to the
residues from the other techniques. This might indicate that treatment
with picric acid dissolves a part of the smaller fly ash particles.

3.3. Comparison of the selective dissolution techniques

From both the evaluation of the mass of the different residues and
the examination of the residues with SEM it can be concluded that
salicylic acid is not suitable for the purpose of determining the degree of
reaction of FA as it does not dissolve the hydration phases and certain
unreacted OPC phases (C3A and C4AF). The performance of the selective
dissolution improves when salicylic acid is combinedwith hydrochloric
acid. No unhydrated clinker phases were found, but still an amorphous
residue of hydration phases rich in Ca and S is detected. This introduces
errors in the determination of the degree of reaction of the fly ash.
Selective dissolution using picric acid results in the smallest residue for
the hydrated paste. The residue consists only of not too small unreacted
fly ash particles. No residues of hydration phases or unreacted clinker
grains are found, but 18% of the unhydrated FA has dissolved. This
method seems to be rather too harsh for determining the degree of
reaction of the fly ash. In addition, picric acid can be explosive upon
drying [25,26]. Thus this method is not recommended. The two EDTA
selective dissolution techniques using DEA or NaOH lead to similar
results. The residue after the selective dissolution consists of unreacted
fly ash particles, Mg-rich particles and a Mg–Al–Si rich amorphous
phases. The presence of these amorphous phases in the residue leads to
anerror in thedeterminationof thedegree of reactionof thefly ash infly
ash blended cements. By comparing the systematic error, the ability to
determine the amount of unhydrated FA correctly (Table 5), user-
friendliness and the residues, it can be concluded that the EDTA with
NaOH appears to be the most suitable selective dissolution method to
determine the degree of reaction of the fly ash in hydrated FA blended
cement pastes.

4. Determination of FA reaction in blended systems

The degree of reaction of FA over time was determined in two
different FA blended cement systems containing 65% OPC+35% FA
and 65% OPC+30% FA+5% L, respectively. Cement pastes with water
to binder ratio of 0.5 were prepared using a vacuum mixer from
Renfert. The paste was poured in to 60 ml cylindrical plastic bottles
and stored under sealed conditions at 20 °C.

4.1. EDTA with NaOH

The results of the selective dissolution with EDTA and NaOH are
given in the Table 6; 92% of the unreacted FA, 2% of the OPC and 17% of

the limestone remain after treatment. The 2% residue of the OPCmight
be related to the MgO particles present in the OPC which do not
dissolve by the EDTA and NaOH treatment, as shown by the ESEM and
TGA investigation of the residues. The 17% residue of the limestone
corresponds to the quantity of impurities present (Table 1). The 8% of
FA which disappears during the EDTA treatment might either slip
through the filter or is due to the dissolution of readily soluble small
particles or phases present in the FA. To check the importance of the
passing size, a finer filter (0.7 μm) was used. However, no differences
in the residues are observed.

The residues are calculated as described in the Section 3.1. Those of
the hydrated pastes are corrected for residues of the raw materials
(FA, limestone and OPC). Concerning OPC and L, their residues have
only a minor effect on the calculated % of reacted FA. However, the
residue of FA has a significant impact (up to 8%). Omitting the later
correction leads to an overestimation of the amount of FA reacted at
early age, but it might be more accurate at later age as the part of the
unreacted FA that dissolves in the selective dissolution (small reactive
particles), might have reacted anyway during hydration.

Minimal and maximal values are reported in Table 6 and Fig. 4 as
different assumptions can be made for the calculations. At early
reaction times, it might be appropriate to use the measured residue of
the unhydrated OPC and FA, to calculate the degree of reaction
(minimal value). At later ages, however, all the small particles
originally present in the FA might have reacted completely, so that
this correction is no longer adequate but better the theoretical
amount of FA (35% or 30% FA) is used (maximal value). The difference
between the two assumptions is significant (up to 8% of difference in %
reacted FA), see Table 6.

The reproducibility of the selective dissolution is high; a standard
deviation of 0.2% on a 32.1% residue was obtained on triplicate
samples, an error which is very small compared to the error
introduced by the assumptions needed to calculate the amount of
FA reacted. These assumptions are a major cause of errors, rendering
this method inadequate for quantifying the degree of reaction of FA.

The percentage of FA reacted determined with the three different
methods for the 65% OPC+35% FA and 65% OPC+30% FA+5% L
blends are compared in Fig. 4. The percentage of FA reacted
determined by selective dissolution is generally lower than the values
obtained by other methods. This underestimation is probably due to
the presence of hydrates in the residue (in TGA a weight loss of the
residue of up to 4 wt.% is observed).

Table 6
Reaction of FA in cement pastes containing 65% OPC+35% FA and 65% OPC+30% FA+
5% L determined by dissolution in diluted alkaline solution (DA), image analysis (IA)
and selective dissolution (with EDTA/NaOH).

DA IA Selective dissolution

Time % FA reacted Residue*

[day] Si Al min max

100% FA 92
100% L 17
100% OPC 2
65% OPC 0 0 0 – 0 9 33
+35% FA 1 1 3 2 −2 7 34

7 5 12 8 0 9 33
28 10 22 21 3 12 32
90 14 32 30 9 18 30

140 – – 35 11 19 30
65% OPC 0 0 0 – 0 8 30
+30% FA 1 1 3 1 −3 5 31
+5% L 7 5 12 6 0 8 30

28 10 22 22 3 12 29
90 14 32 29 9 17 27

140 – – 35 12 20 26

*Residues from the selective dissolution used for the calculations.
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4.2. Diluted alkaline solutions

The dissolution of FA can be determined in alkaline solutions by
measuring silicate or aluminium concentration as a function of time
and comparing it with the SiO2 or Al2O3 content in the glass of the FA
[15].

%FA reacted =
Xmeas½ �
Xtot½ � × 100;

where X is the measured species (Al or Si), Xmeas½ � is the measured
concentration and Xtot½ � is the total concentration assuming a total
dissolution of the amorphous part of the FA.

The FA dissolves faster at higher NaOH concentrations (Fig. 5). The
pH in the FA cements during the first 90 days has been determined to
be 13.6, close to the pH 13.7 of the 0.5 mol/l NaOH solution. The Al
concentration in the solution is considerably higher than the Si
concentration relative to their initial amount in the glass composition
(Fig. 5) indicating an inhomogeneous glass dissolution, due probably
to a preferential dissolution of Al from FA glass or to the precipitation
of the Si in a gel. The FA still present after 28 days is conglomerated
indicating the formation of reaction products.

The amount of FA reacted based on the Al concentration in the
0.5 M NaOH solution is comparable to the results obtained by image
analysis (IA) (see Fig. 4). The degree of reaction of FA calculated from
the Si concentration results in a lower degree of dissolution from
7 days when compared to both IA and Al concentrations.

Fig. 4. The% of FA reacted in the two testedmixes determined by image analysis (IA), FA dissolution in 0.5 mol/l NaOH(DA) and selective dissolution using EDTA/NaOH (sel.dis.min./max.).

Fig. 5. % FA reacted calculated based on measured Al and Si concentrations resulting
from FA dissolution in different NaOH solutions.

Fig. 6. Image processing sequence. Letters (A, B, C, D and E) refer to the steps shown in
Fig. 7.
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4.2. Diluted alkaline solutions

The dissolution of FA can be determined in alkaline solutions by
measuring silicate or aluminium concentration as a function of time
and comparing it with the SiO2 or Al2O3 content in the glass of the FA
[15].

%FA reacted =
Xmeas½ �
Xtot½ � × 100;

where X is the measured species (Al or Si), Xmeas½ � is the measured
concentration and Xtot½ � is the total concentration assuming a total
dissolution of the amorphous part of the FA.

The FA dissolves faster at higher NaOH concentrations (Fig. 5). The
pH in the FA cements during the first 90 days has been determined to
be 13.6, close to the pH 13.7 of the 0.5 mol/l NaOH solution. The Al
concentration in the solution is considerably higher than the Si
concentration relative to their initial amount in the glass composition
(Fig. 5) indicating an inhomogeneous glass dissolution, due probably
to a preferential dissolution of Al from FA glass or to the precipitation
of the Si in a gel. The FA still present after 28 days is conglomerated
indicating the formation of reaction products.

The amount of FA reacted based on the Al concentration in the
0.5 M NaOH solution is comparable to the results obtained by image
analysis (IA) (see Fig. 4). The degree of reaction of FA calculated from
the Si concentration results in a lower degree of dissolution from
7 days when compared to both IA and Al concentrations.

Fig. 4. The% of FA reacted in the two testedmixes determined by image analysis (IA), FA dissolution in 0.5 mol/l NaOH(DA) and selective dissolution using EDTA/NaOH (sel.dis.min./max.).

Fig. 5. % FA reacted calculated based on measured Al and Si concentrations resulting
from FA dissolution in different NaOH solutions.

Fig. 6. Image processing sequence. Letters (A, B, C, D and E) refer to the steps shown in
Fig. 7.
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4.3. Image analysis

Backscattered electron imaging provides image contrast as a
function of element composition [23]. The grey level of BSE image is
directly proportional to the backscattered coefficient which is related
to the atomic weight. Accordingly, the higher the average atomic
number, the brighter it is in the backscattered image. Since the images
are acquired in 8 bits, 256 grey level values are included in the image,
ranging from 0, black (porosity) to 255, white. The BSE image and grey
level histogram of FA blended cement hydrated for 28 days are given
in the Fig. 1. Typical constituents of a hydrated OPC can be
distinguished by their grey levels: unreacted OPC phases appear
bright, calcium hydroxide (CH) light grey, other hydration products
grey and porosity black [19]. However, for blended fly ash cements it
turns more complicated as the FA particles have different grey levels
depending on their chemical composition. Their grey level is within
the range of C–S–H and CH. The challenge in this approach is therefore
to correctly distinguish the FA from the cement matrix.

In this paper a new method is proposed for quantitative mea-
surements of the reaction degree of FA in hardened cement paste
using image analysis (IA) techniques applied on BSE images. The
method developed for the segmentation of the unreacted FA particles
is similar to the procedure reported in the literature [22,27] for the
segmentation of aggregates from a concrete matrix. It is not possible
to segment the FA purely on the basis of grey level due to the overlap.
Therefore various morphological filters are applied in different steps
of the segmentation as described in the Fig. 6.

Morphological operations apply a structuring element. A 3×3
element is used for this study. Setting the size of the structuring
element is similar to setting the observation scale and setting the
criterion to differentiate image objects or features according to size. In
general, smaller structuring elements preserve finer details within an
image than larger elements. The operation compares the element to
the underlying image and generates an output pixel based upon the
function of the morphological operation. The size and shape of the
structuring element determines what is extracted or deleted from an

Fig. 7. Original BSE image (O) of Fig. 1 and different steps of segmentation leading to A (anhydrous clinker), D (anhydrous FA) and E (calcium hydroxide CH) obtained by the
application of proposed image analysis procedure.
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image. When applying morphological operations to a greyscale level,
each pixel value is compared to the neighbourhood minimum or
maximum value (as required by the morphological process).

The blob filter is used after segmentation to group pixels in some
meaningful way into blobs of a single color with black pixels being the
background [28,29]. When the image is grouped into blobs, the mask
filters are used to remove the pixels remaining in the image that are
not wanted.

Inorder to follow the reaction over timeof FAparticles,well polished
thin sections of pastes at different ages of reaction are required. A good
polishing is a key factor for a good image analysis. The application of the
morphological filter to get out the FA particles could miss edges of the
particles in notwell polished surfaces presenting sharp edges. However,
this error involves only the contours of FA particles these are estimated
to 2.5% of the total volume of FA. This value will contribute to the
systematic error of the method in not well polished samples.

The threshold of 1 μm could lead to an overestimation of the FA
reaction. Nevertheless, this overestimation is controlled by comparing
the original and segmented images. The results obtained at 1 day
using SEM-IA (around 2% of FA reacted for both systems) show that
these error are fairly low for the FA investigated.

The BSE-IA technique enables the quantification of the content of
unreacted FA particles. Additionally, the total volumes of unreacted
cement, CH, other hydrates or capillary porosity is obtained (see
Fig. 7). However, in this paper we focus on quantifying the FA.

The degree of reaction of FA is obtained by subtracting the content
of unreacted FA determined by IA from the initial FA content and
dividing it by the initial FA content.

%FA reacted = 1−Vmeas

Vini

� �
× 100;

where Vmeas is the volume of FA obtained from the IA and Vini is the
initial volume of FA in the mix proportions.

The data as shown in Table 6 and Fig. 4 indicate little reaction
during the first day (≤2%) confirming that at least 98% of the FA
particles are visible by IA. The FA continues to react at a rather steady
rate during the first 28 days (Fig. 4), at longer hydration times the
reaction rate of FA slows down, resulting in a total reaction of the FA of
35% after 140 days.

The SEM image analysis is a direct method for the calculation of the
degree of reaction. Indeed, from the segmented images the different
phase assemblages could be controlled visually in order to verify
whether the segmentation process is accurate or not. A combination of
filters and grey level thresholding was applied to distinguish between
the unreacted FA and the hydrated phases. The results at early age show
no overestimation of the reaction degree of FA, indicating accurate
quantification of these phases. The results of the IA during thefirst week
are comparable to the reaction determined in diluted alkaline solutions
(Fig. 4). However, at later ages the results of the diluted solution
diverges between Al and Si and some precipitates are observed. In the
diluted solutionmethod, a nearly infinitemedium is available around FA
particles: 0.05 g of FA in 50 ml of the solvent, which does not represent
the situation in concrete. Additionally, other ions thatmay interact with
FA particles to enhance or retard its dissolution are missed. The use of
SEM-IA for quantifying the reactivity of the FA particles in the FA
blended cements is a relatively simple and reliable method even if it
requires advanced equipment and it is time consuming.

5. Conclusions

Different methods to determine the degree of reaction of FA in
blended cement were evaluated and compared: selective dissolution,
dissolution of FA in a diluted alkaline solution and image analysis. The
techniques use different approaches: selective dissolution uses the
weight fraction of phases; the dissolution rate is based on the

concentration values in the solution, while the SEM image analysis is
calculated from the volume change of unreacted FA.

Selective dissolution, 0.5 NaOH diluted solution and IA indicate
that in both the OPC–FA and the OPC–FA–L mixture all the FA reacts
significantly during the first 28 days and the reaction slows down
later.

During the first 90 days, the degree of reaction of the FA measured
by SEM-IA agrees well with the degree of reaction determined by Al-
dissolution in alkaline solution even if the conditions are different
(cementitious environment and alkaline solution). The Si concentra-
tion underestimate the FA reaction. After 28 days, conglomerates
were observed in the alkaline solution, which lead to an underesti-
mation of the degree of reaction of FA using the dilution method.

The difference in the degree of reaction between the maximum
values of selective dissolution and SEM-IA starts to be very significant
after 28 days, due to the presence of hydrates in the residues of the
selective dissolution (Fig. 3D) leading to an underestimation of the FA
reaction for the selective dissolution method. The different assump-
tions and corrections as well as to the presence of hydration products
in the residues as observed by SEM and TGA introduce a large error in
the degree of reaction determined by selective dissolution.

The SEM image analysis technique gave the most reliable and
consistent results of the degree of reaction of FA in FA blended
cements.
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image. When applying morphological operations to a greyscale level,
each pixel value is compared to the neighbourhood minimum or
maximum value (as required by the morphological process).

The blob filter is used after segmentation to group pixels in some
meaningful way into blobs of a single color with black pixels being the
background [28,29]. When the image is grouped into blobs, the mask
filters are used to remove the pixels remaining in the image that are
not wanted.

Inorder to follow the reaction over timeof FAparticles,well polished
thin sections of pastes at different ages of reaction are required. A good
polishing is a key factor for a good image analysis. The application of the
morphological filter to get out the FA particles could miss edges of the
particles in notwell polished surfaces presenting sharp edges. However,
this error involves only the contours of FA particles these are estimated
to 2.5% of the total volume of FA. This value will contribute to the
systematic error of the method in not well polished samples.

The threshold of 1 μm could lead to an overestimation of the FA
reaction. Nevertheless, this overestimation is controlled by comparing
the original and segmented images. The results obtained at 1 day
using SEM-IA (around 2% of FA reacted for both systems) show that
these error are fairly low for the FA investigated.

The BSE-IA technique enables the quantification of the content of
unreacted FA particles. Additionally, the total volumes of unreacted
cement, CH, other hydrates or capillary porosity is obtained (see
Fig. 7). However, in this paper we focus on quantifying the FA.

The degree of reaction of FA is obtained by subtracting the content
of unreacted FA determined by IA from the initial FA content and
dividing it by the initial FA content.

%FA reacted = 1−Vmeas

Vini

� �
× 100;

where Vmeas is the volume of FA obtained from the IA and Vini is the
initial volume of FA in the mix proportions.

The data as shown in Table 6 and Fig. 4 indicate little reaction
during the first day (≤2%) confirming that at least 98% of the FA
particles are visible by IA. The FA continues to react at a rather steady
rate during the first 28 days (Fig. 4), at longer hydration times the
reaction rate of FA slows down, resulting in a total reaction of the FA of
35% after 140 days.

The SEM image analysis is a direct method for the calculation of the
degree of reaction. Indeed, from the segmented images the different
phase assemblages could be controlled visually in order to verify
whether the segmentation process is accurate or not. A combination of
filters and grey level thresholding was applied to distinguish between
the unreacted FA and the hydrated phases. The results at early age show
no overestimation of the reaction degree of FA, indicating accurate
quantification of these phases. The results of the IA during thefirst week
are comparable to the reaction determined in diluted alkaline solutions
(Fig. 4). However, at later ages the results of the diluted solution
diverges between Al and Si and some precipitates are observed. In the
diluted solutionmethod, a nearly infinitemedium is available around FA
particles: 0.05 g of FA in 50 ml of the solvent, which does not represent
the situation in concrete. Additionally, other ions thatmay interact with
FA particles to enhance or retard its dissolution are missed. The use of
SEM-IA for quantifying the reactivity of the FA particles in the FA
blended cements is a relatively simple and reliable method even if it
requires advanced equipment and it is time consuming.

5. Conclusions

Different methods to determine the degree of reaction of FA in
blended cement were evaluated and compared: selective dissolution,
dissolution of FA in a diluted alkaline solution and image analysis. The
techniques use different approaches: selective dissolution uses the
weight fraction of phases; the dissolution rate is based on the

concentration values in the solution, while the SEM image analysis is
calculated from the volume change of unreacted FA.

Selective dissolution, 0.5 NaOH diluted solution and IA indicate
that in both the OPC–FA and the OPC–FA–L mixture all the FA reacts
significantly during the first 28 days and the reaction slows down
later.

During the first 90 days, the degree of reaction of the FA measured
by SEM-IA agrees well with the degree of reaction determined by Al-
dissolution in alkaline solution even if the conditions are different
(cementitious environment and alkaline solution). The Si concentra-
tion underestimate the FA reaction. After 28 days, conglomerates
were observed in the alkaline solution, which lead to an underesti-
mation of the degree of reaction of FA using the dilution method.

The difference in the degree of reaction between the maximum
values of selective dissolution and SEM-IA starts to be very significant
after 28 days, due to the presence of hydrates in the residues of the
selective dissolution (Fig. 3D) leading to an underestimation of the FA
reaction for the selective dissolution method. The different assump-
tions and corrections as well as to the presence of hydration products
in the residues as observed by SEM and TGA introduce a large error in
the degree of reaction determined by selective dissolution.

The SEM image analysis technique gave the most reliable and
consistent results of the degree of reaction of FA in FA blended
cements.
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image. When applying morphological operations to a greyscale level,
each pixel value is compared to the neighbourhood minimum or
maximum value (as required by the morphological process).

The blob filter is used after segmentation to group pixels in some
meaningful way into blobs of a single color with black pixels being the
background [28,29]. When the image is grouped into blobs, the mask
filters are used to remove the pixels remaining in the image that are
not wanted.

Inorder to follow the reaction over timeof FAparticles,well polished
thin sections of pastes at different ages of reaction are required. A good
polishing is a key factor for a good image analysis. The application of the
morphological filter to get out the FA particles could miss edges of the
particles in notwell polished surfaces presenting sharp edges. However,
this error involves only the contours of FA particles these are estimated
to 2.5% of the total volume of FA. This value will contribute to the
systematic error of the method in not well polished samples.

The threshold of 1 μm could lead to an overestimation of the FA
reaction. Nevertheless, this overestimation is controlled by comparing
the original and segmented images. The results obtained at 1 day
using SEM-IA (around 2% of FA reacted for both systems) show that
these error are fairly low for the FA investigated.

The BSE-IA technique enables the quantification of the content of
unreacted FA particles. Additionally, the total volumes of unreacted
cement, CH, other hydrates or capillary porosity is obtained (see
Fig. 7). However, in this paper we focus on quantifying the FA.

The degree of reaction of FA is obtained by subtracting the content
of unreacted FA determined by IA from the initial FA content and
dividing it by the initial FA content.

%FA reacted = 1−Vmeas

Vini

� �
× 100;

where Vmeas is the volume of FA obtained from the IA and Vini is the
initial volume of FA in the mix proportions.

The data as shown in Table 6 and Fig. 4 indicate little reaction
during the first day (≤2%) confirming that at least 98% of the FA
particles are visible by IA. The FA continues to react at a rather steady
rate during the first 28 days (Fig. 4), at longer hydration times the
reaction rate of FA slows down, resulting in a total reaction of the FA of
35% after 140 days.

The SEM image analysis is a direct method for the calculation of the
degree of reaction. Indeed, from the segmented images the different
phase assemblages could be controlled visually in order to verify
whether the segmentation process is accurate or not. A combination of
filters and grey level thresholding was applied to distinguish between
the unreacted FA and the hydrated phases. The results at early age show
no overestimation of the reaction degree of FA, indicating accurate
quantification of these phases. The results of the IA during thefirst week
are comparable to the reaction determined in diluted alkaline solutions
(Fig. 4). However, at later ages the results of the diluted solution
diverges between Al and Si and some precipitates are observed. In the
diluted solutionmethod, a nearly infinitemedium is available around FA
particles: 0.05 g of FA in 50 ml of the solvent, which does not represent
the situation in concrete. Additionally, other ions thatmay interact with
FA particles to enhance or retard its dissolution are missed. The use of
SEM-IA for quantifying the reactivity of the FA particles in the FA
blended cements is a relatively simple and reliable method even if it
requires advanced equipment and it is time consuming.

5. Conclusions

Different methods to determine the degree of reaction of FA in
blended cement were evaluated and compared: selective dissolution,
dissolution of FA in a diluted alkaline solution and image analysis. The
techniques use different approaches: selective dissolution uses the
weight fraction of phases; the dissolution rate is based on the

concentration values in the solution, while the SEM image analysis is
calculated from the volume change of unreacted FA.

Selective dissolution, 0.5 NaOH diluted solution and IA indicate
that in both the OPC–FA and the OPC–FA–L mixture all the FA reacts
significantly during the first 28 days and the reaction slows down
later.

During the first 90 days, the degree of reaction of the FA measured
by SEM-IA agrees well with the degree of reaction determined by Al-
dissolution in alkaline solution even if the conditions are different
(cementitious environment and alkaline solution). The Si concentra-
tion underestimate the FA reaction. After 28 days, conglomerates
were observed in the alkaline solution, which lead to an underesti-
mation of the degree of reaction of FA using the dilution method.

The difference in the degree of reaction between the maximum
values of selective dissolution and SEM-IA starts to be very significant
after 28 days, due to the presence of hydrates in the residues of the
selective dissolution (Fig. 3D) leading to an underestimation of the FA
reaction for the selective dissolution method. The different assump-
tions and corrections as well as to the presence of hydration products
in the residues as observed by SEM and TGA introduce a large error in
the degree of reaction determined by selective dissolution.

The SEM image analysis technique gave the most reliable and
consistent results of the degree of reaction of FA in FA blended
cements.
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The effect of minor additions of limestone powder on the properties of fly ash blended cements was
investigated in this study using isothermal calorimetry, thermogravimetry (TGA), X-ray diffraction (XRD),
scanning electron microscopy (SEM) techniques, and pore solution analysis. The presence of limestone
powder led to the formation of hemi- and monocarbonate and to a stabilisation of ettringite compared to the
limestone-free cements, where a part of the ettringite converted to monosulphate. Thus, the presence of 5% of
limestone led to an increase of the volume of the hydrates, as visible in the increase in chemical shrinkage, and
an increase in compressive strength. This effect was amplified for the fly ash/limestone blended cements due
to the additional alumina provided by the fly ash reaction.

© 2010 Published by Elsevier Ltd.

1. Introduction

Adding 5% limestone powder to Portland cement has been a point of
discussions in the past. Proponents put forward energy savings during
production, without impairing the quality of the cement and concrete
properties. Whereas the opponents claim that limestone powder is
merely an adulterant, leading to a reduction in quality [1,2]. One of the
first incentives to allow carbonate additions to Portland cement was
given by the oil shortage in the 1970's–1980's. This led to an adaption of
the Canadian standard CAN3-A5-M83 permitting 5% limestone powder
in Portland cement since 1983, followed by the Brazilian norm NBR-
5732 adapted in 1988. The rising focus on greenhouse-gasses in the
1990's added to the motivation and in 2000 the proposal for the
European standard EN 197-1 (CEN 2000)was accepted, followed by the
ASTM C150 in 2004 and the AASHTO M85 in 2007.

A thorough review on the use of limestone powder in Portland
cement is given byHawkins et al. [3]. The effect of 5% limestone powder
addition on short and long term macroscopical properties is generally
small. Regarding the compressive strength, both enhanced strength and
reduced strengthhave been reportedupon limestoneaddition. Abenefit
of the addition of small amounts of carbonate is a reduction of the
expansion observed upon sulphate attack, which is most prominent for
cements with high C3A-content [3,4]. It also leads to a reduction of the
optimal gypsum content, which may result in a reduction of raw

material costs. Some of the beneficial effects of limestone powder are
attributed to its filler effect. Some researchers report an acceleration of
the C3S and an incorporation of the calcium carbonate into the C–S–H
[5,6]. Additionally, limestone is known to interact with AFm and AFt
phases. In an ordinary Portland cement without limestone powder, the
C3A and at a slower rate also the C4AF will react with the calcium
sulphate to form ettringite (C3(A,F)·3CaSO4·32H2O). Upon depletion of
the sulphates, the remaining C3A and C4AF will react with the ettringite
to form monosulphate (C3(A,F)·CaSO4·12H2O) or hydroxy-AFm solid
solution. In the presence of limestone, the AFm-carbonate equivalents
such asmonocarbonate (C3(A,F)·CaCO3·11H2O) are formed rather than
the sulphate containing AFm phases. The AFt-carbonate equivalent has
been observed by some researchers [7], but it is unlikely to form in a
significant amount at ambient temperatures in a hydrating cements as it
is less stable than the AFm phases [8,9]. The decomposition of ettringite
to monosulphate when reactingwith the remaining C3A and C4AF upon
sulphate depletion is prevented as monosulphate is less stable than
monocarbonate in the presence of limestone. The stabilisation of the
voluminous, water rich ettringite instead of the less voluminous
monosulphate, gives rise to an increase of the total volume of hydration
products [10–13]. If some of the beneficialmacroscopic effects observed
for limestoneadditionsup to 5%, are due to this chemical interaction, it is
obvious that the impact will be greater for cements with a high C3A and
C4AF content as observed by previous investigations [2].

The previous statements and observations brought the idea to
investigate the effect of limestone powder additions on blended fly
ash cements. Fly ash has generally higher alumina content than OPC.
The reaction of fly ash brings additional alumina, which reduce the
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sulphate to alumina ratio and therefore increases the impact of
limestone powder. Previous studies have documented a beneficial
effect on the strength developmentwhen a small amount of limestone
powder is combined with either fly ash [14], natural pozzolans [15] or
slag [11,16,17]. Up to 90 days, the ternary Portland cements contain-
ing pozzolans or slag, and limestone had a higher strength than their
equivalent composite cements without limestone. The underlying
reasons for this effect have not been investigated, except by Hoshino
et al. [11] who attributed the observed interaction between slag and
limestone powder to changes in the AFm and AFt phases, using XRD-
Rietveld analysis.

Several series of experiments investigating ternary Portland cements
containing fly ash and limestone powder have been performed to study
the effect of OPC or fly ash replacement by limestone powder in
respectively OPC and fly ash blended cement [18–23]. Minor replace-
ments of fly ash by limestone powder appeared to have a beneficial
effect on the strength development of the tested ternary blended
cements. A similar effect was observed for the tested OPC but the effect
appeared to be less pronounced [21,22] and in some cases replacing 5%
of OPC by limestone powder resulted even in a loss of strength [23].

The aim of this paper is to find out how exactly minor additions of
limestone powder affect the hydration of OPC and blended fly ash
cement. In order to investigate the effect quantitatively, amulti-method
approach was adopted on the four following mixes: 100% OPC, 95%
OPC+5% limestone, 65% OPC+35% fly ash and 65% OPC+30% fly
ash+5% limestone.

2. Materials

The materials used in this study are: ordinary Portland clinker,
class F siliceous fly ash (FA), limestone powder (L), natural gypsum
and crystalline quartz (Q). The chemical composition determined by
XRF and the physical properties of the clinker, fly ash, limestone and
quartz are given in Table 1. The clinker was interground with 3.7% of
natural gypsum and is further referred to as ordinary Portland cement
(OPC). The gypsum used has a CaSO4·2H2O content of 91.4%. The
mineral composition of the OPC and the fly ash determined by
Rietveld analysis are given in Tables 2 and 3. The CaCO3 content of the
limestone, determined by thermogravimetric analysis (TGA), is about
81%. The limestone powder and the fly ash were ground separately in
a laboratory ball mill with a capacity of 9 kg. The particle size
distribution of OPC, fly ash and limestone powder determined by laser
granulometry using a Malvern Mastersizer are given in Fig. 1.

The experimental matrix is given in Table 4. Some additional
combinations were tested using quartz powder instead of limestone

powder. The crystalline quartz was assumed to be chemically inert
and was therefore used to study the filler effect. The quartz powder
was obtained by combining 3 different powders, resulting in a particle
size distribution similar to the one of limestone powder (Fig. 1).

3. Methods

Mortar prisms (40×40×160 mm) with cement–sand–water
proportions of (1/3/0.5) were prepared. The samples were cured in
Ca(OH)2 saturated solution at 20 °C. The compressive and flexural
strength were determined on two mortar prisms for each testing age
according to EN 196-1.

About 6 g of paste with water to binder ratio of 0.5 was prepared in
a glass vial using a slow stirring IKA-WERKE RW16mixer. The vial was
sealed and loaded into a TAM Air isothermal calorimeter in order to
determine the rate of heat of hydration during the first 24 h at 20 °C.

Chemical shrinkage at 20 °C was assessed using the method
described by Geiker et al. [24].

Cement paste samples were prepared with water to binder ratio of
0.5 and stored at 20 °C in 20 ml sealed plastic vessels for thermo-
gravimetric analysis (TGA), X-ray diffraction (XRD) and scanning
electron microscopy (SEM) studies, and 500 ml sealed plastic bottles
for pore solution analysis. The samples, used for thermogravimetric

Table 1
Chemical composition (wt.%) and the physical characteristics of the clinker, fly ash and
limestone powder.

Clinker Fly ash Limestone Quartz

SiO2 20.0 50.0 12.9 99.4
Al2O3 5.4 23.9 2.7 0.3
Fe2O3 3.1 6.0 2.0 0.04
CaO 60.6 6.3 42.3 0.02
MgO 2.9 2.1 1.8 –

SO3 1.5 0.4 – –

P2O5 0.1 1.1 – –

K2O 1.2 1.4 0.6 0.04
Na2O 0.5 0.6 0.5 –

LOI 0.3 3.6 37.7 –

Carbon – 3.1 – –

Chloride 0.05 0.0 – –

Free CaO 1.85 – – –

Gypsum 3.7 – – –

Blaine surface [m2/kg] 450⁎ 450 810 –

Density [kg/m3] 3150⁎ 2490 2740 2650
D50 [μm] 11⁎ 14 4 5

⁎ For OPC=clinker+gyspum.

Table 3
Mineral composition of the fly ash determined by
XRD-Rietveld analysis.

Minerals [wt.%]

quartz 12.3
calcite 0.4
hematite 0.6
anhydrite 0.4
mullite 18.3
amorphous⁎ 68.0

⁎ Glass and 3% amorphous carbon.

Table 2
Mineral composition of the clinker determined
by XRD-Rietveld analysis.

Minerals [wt.%]

C2S 19
C3S 54
C3A 11
C4AF 8

Fig. 1. The particle size distribution of OPC, FA, limestone and quartz determined by
laser diffractometry.
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sulphate to alumina ratio and therefore increases the impact of
limestone powder. Previous studies have documented a beneficial
effect on the strength developmentwhen a small amount of limestone
powder is combined with either fly ash [14], natural pozzolans [15] or
slag [11,16,17]. Up to 90 days, the ternary Portland cements contain-
ing pozzolans or slag, and limestone had a higher strength than their
equivalent composite cements without limestone. The underlying
reasons for this effect have not been investigated, except by Hoshino
et al. [11] who attributed the observed interaction between slag and
limestone powder to changes in the AFm and AFt phases, using XRD-
Rietveld analysis.

Several series of experiments investigating ternary Portland cements
containing fly ash and limestone powder have been performed to study
the effect of OPC or fly ash replacement by limestone powder in
respectively OPC and fly ash blended cement [18–23]. Minor replace-
ments of fly ash by limestone powder appeared to have a beneficial
effect on the strength development of the tested ternary blended
cements. A similar effect was observed for the tested OPC but the effect
appeared to be less pronounced [21,22] and in some cases replacing 5%
of OPC by limestone powder resulted even in a loss of strength [23].

The aim of this paper is to find out how exactly minor additions of
limestone powder affect the hydration of OPC and blended fly ash
cement. In order to investigate the effect quantitatively, amulti-method
approach was adopted on the four following mixes: 100% OPC, 95%
OPC+5% limestone, 65% OPC+35% fly ash and 65% OPC+30% fly
ash+5% limestone.

2. Materials

The materials used in this study are: ordinary Portland clinker,
class F siliceous fly ash (FA), limestone powder (L), natural gypsum
and crystalline quartz (Q). The chemical composition determined by
XRF and the physical properties of the clinker, fly ash, limestone and
quartz are given in Table 1. The clinker was interground with 3.7% of
natural gypsum and is further referred to as ordinary Portland cement
(OPC). The gypsum used has a CaSO4·2H2O content of 91.4%. The
mineral composition of the OPC and the fly ash determined by
Rietveld analysis are given in Tables 2 and 3. The CaCO3 content of the
limestone, determined by thermogravimetric analysis (TGA), is about
81%. The limestone powder and the fly ash were ground separately in
a laboratory ball mill with a capacity of 9 kg. The particle size
distribution of OPC, fly ash and limestone powder determined by laser
granulometry using a Malvern Mastersizer are given in Fig. 1.

The experimental matrix is given in Table 4. Some additional
combinations were tested using quartz powder instead of limestone

powder. The crystalline quartz was assumed to be chemically inert
and was therefore used to study the filler effect. The quartz powder
was obtained by combining 3 different powders, resulting in a particle
size distribution similar to the one of limestone powder (Fig. 1).

3. Methods

Mortar prisms (40×40×160 mm) with cement–sand–water
proportions of (1/3/0.5) were prepared. The samples were cured in
Ca(OH)2 saturated solution at 20 °C. The compressive and flexural
strength were determined on two mortar prisms for each testing age
according to EN 196-1.

About 6 g of paste with water to binder ratio of 0.5 was prepared in
a glass vial using a slow stirring IKA-WERKE RW16mixer. The vial was
sealed and loaded into a TAM Air isothermal calorimeter in order to
determine the rate of heat of hydration during the first 24 h at 20 °C.

Chemical shrinkage at 20 °C was assessed using the method
described by Geiker et al. [24].

Cement paste samples were prepared with water to binder ratio of
0.5 and stored at 20 °C in 20 ml sealed plastic vessels for thermo-
gravimetric analysis (TGA), X-ray diffraction (XRD) and scanning
electron microscopy (SEM) studies, and 500 ml sealed plastic bottles
for pore solution analysis. The samples, used for thermogravimetric

Table 1
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SiO2 20.0 50.0 12.9 99.4
Al2O3 5.4 23.9 2.7 0.3
Fe2O3 3.1 6.0 2.0 0.04
CaO 60.6 6.3 42.3 0.02
MgO 2.9 2.1 1.8 –
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sulphate to alumina ratio and therefore increases the impact of
limestone powder. Previous studies have documented a beneficial
effect on the strength developmentwhen a small amount of limestone
powder is combined with either fly ash [14], natural pozzolans [15] or
slag [11,16,17]. Up to 90 days, the ternary Portland cements contain-
ing pozzolans or slag, and limestone had a higher strength than their
equivalent composite cements without limestone. The underlying
reasons for this effect have not been investigated, except by Hoshino
et al. [11] who attributed the observed interaction between slag and
limestone powder to changes in the AFm and AFt phases, using XRD-
Rietveld analysis.

Several series of experiments investigating ternary Portland cements
containing fly ash and limestone powder have been performed to study
the effect of OPC or fly ash replacement by limestone powder in
respectively OPC and fly ash blended cement [18–23]. Minor replace-
ments of fly ash by limestone powder appeared to have a beneficial
effect on the strength development of the tested ternary blended
cements. A similar effect was observed for the tested OPC but the effect
appeared to be less pronounced [21,22] and in some cases replacing 5%
of OPC by limestone powder resulted even in a loss of strength [23].

The aim of this paper is to find out how exactly minor additions of
limestone powder affect the hydration of OPC and blended fly ash
cement. In order to investigate the effect quantitatively, amulti-method
approach was adopted on the four following mixes: 100% OPC, 95%
OPC+5% limestone, 65% OPC+35% fly ash and 65% OPC+30% fly
ash+5% limestone.

2. Materials

The materials used in this study are: ordinary Portland clinker,
class F siliceous fly ash (FA), limestone powder (L), natural gypsum
and crystalline quartz (Q). The chemical composition determined by
XRF and the physical properties of the clinker, fly ash, limestone and
quartz are given in Table 1. The clinker was interground with 3.7% of
natural gypsum and is further referred to as ordinary Portland cement
(OPC). The gypsum used has a CaSO4·2H2O content of 91.4%. The
mineral composition of the OPC and the fly ash determined by
Rietveld analysis are given in Tables 2 and 3. The CaCO3 content of the
limestone, determined by thermogravimetric analysis (TGA), is about
81%. The limestone powder and the fly ash were ground separately in
a laboratory ball mill with a capacity of 9 kg. The particle size
distribution of OPC, fly ash and limestone powder determined by laser
granulometry using a Malvern Mastersizer are given in Fig. 1.

The experimental matrix is given in Table 4. Some additional
combinations were tested using quartz powder instead of limestone

powder. The crystalline quartz was assumed to be chemically inert
and was therefore used to study the filler effect. The quartz powder
was obtained by combining 3 different powders, resulting in a particle
size distribution similar to the one of limestone powder (Fig. 1).

3. Methods

Mortar prisms (40×40×160 mm) with cement–sand–water
proportions of (1/3/0.5) were prepared. The samples were cured in
Ca(OH)2 saturated solution at 20 °C. The compressive and flexural
strength were determined on two mortar prisms for each testing age
according to EN 196-1.

About 6 g of paste with water to binder ratio of 0.5 was prepared in
a glass vial using a slow stirring IKA-WERKE RW16mixer. The vial was
sealed and loaded into a TAM Air isothermal calorimeter in order to
determine the rate of heat of hydration during the first 24 h at 20 °C.

Chemical shrinkage at 20 °C was assessed using the method
described by Geiker et al. [24].

Cement paste samples were prepared with water to binder ratio of
0.5 and stored at 20 °C in 20 ml sealed plastic vessels for thermo-
gravimetric analysis (TGA), X-ray diffraction (XRD) and scanning
electron microscopy (SEM) studies, and 500 ml sealed plastic bottles
for pore solution analysis. The samples, used for thermogravimetric

Table 1
Chemical composition (wt.%) and the physical characteristics of the clinker, fly ash and
limestone powder.

Clinker Fly ash Limestone Quartz

SiO2 20.0 50.0 12.9 99.4
Al2O3 5.4 23.9 2.7 0.3
Fe2O3 3.1 6.0 2.0 0.04
CaO 60.6 6.3 42.3 0.02
MgO 2.9 2.1 1.8 –

SO3 1.5 0.4 – –

P2O5 0.1 1.1 – –

K2O 1.2 1.4 0.6 0.04
Na2O 0.5 0.6 0.5 –

LOI 0.3 3.6 37.7 –

Carbon – 3.1 – –

Chloride 0.05 0.0 – –

Free CaO 1.85 – – –

Gypsum 3.7 – – –

Blaine surface [m2/kg] 450⁎ 450 810 –

Density [kg/m3] 3150⁎ 2490 2740 2650
D50 [μm] 11⁎ 14 4 5

⁎ For OPC=clinker+gyspum.
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⁎ Glass and 3% amorphous carbon.
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Fig. 1. The particle size distribution of OPC, FA, limestone and quartz determined by
laser diffractometry.
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sulphate to alumina ratio and therefore increases the impact of
limestone powder. Previous studies have documented a beneficial
effect on the strength developmentwhen a small amount of limestone
powder is combined with either fly ash [14], natural pozzolans [15] or
slag [11,16,17]. Up to 90 days, the ternary Portland cements contain-
ing pozzolans or slag, and limestone had a higher strength than their
equivalent composite cements without limestone. The underlying
reasons for this effect have not been investigated, except by Hoshino
et al. [11] who attributed the observed interaction between slag and
limestone powder to changes in the AFm and AFt phases, using XRD-
Rietveld analysis.

Several series of experiments investigating ternary Portland cements
containing fly ash and limestone powder have been performed to study
the effect of OPC or fly ash replacement by limestone powder in
respectively OPC and fly ash blended cement [18–23]. Minor replace-
ments of fly ash by limestone powder appeared to have a beneficial
effect on the strength development of the tested ternary blended
cements. A similar effect was observed for the tested OPC but the effect
appeared to be less pronounced [21,22] and in some cases replacing 5%
of OPC by limestone powder resulted even in a loss of strength [23].

The aim of this paper is to find out how exactly minor additions of
limestone powder affect the hydration of OPC and blended fly ash
cement. In order to investigate the effect quantitatively, amulti-method
approach was adopted on the four following mixes: 100% OPC, 95%
OPC+5% limestone, 65% OPC+35% fly ash and 65% OPC+30% fly
ash+5% limestone.

2. Materials

The materials used in this study are: ordinary Portland clinker,
class F siliceous fly ash (FA), limestone powder (L), natural gypsum
and crystalline quartz (Q). The chemical composition determined by
XRF and the physical properties of the clinker, fly ash, limestone and
quartz are given in Table 1. The clinker was interground with 3.7% of
natural gypsum and is further referred to as ordinary Portland cement
(OPC). The gypsum used has a CaSO4·2H2O content of 91.4%. The
mineral composition of the OPC and the fly ash determined by
Rietveld analysis are given in Tables 2 and 3. The CaCO3 content of the
limestone, determined by thermogravimetric analysis (TGA), is about
81%. The limestone powder and the fly ash were ground separately in
a laboratory ball mill with a capacity of 9 kg. The particle size
distribution of OPC, fly ash and limestone powder determined by laser
granulometry using a Malvern Mastersizer are given in Fig. 1.

The experimental matrix is given in Table 4. Some additional
combinations were tested using quartz powder instead of limestone

powder. The crystalline quartz was assumed to be chemically inert
and was therefore used to study the filler effect. The quartz powder
was obtained by combining 3 different powders, resulting in a particle
size distribution similar to the one of limestone powder (Fig. 1).

3. Methods

Mortar prisms (40×40×160 mm) with cement–sand–water
proportions of (1/3/0.5) were prepared. The samples were cured in
Ca(OH)2 saturated solution at 20 °C. The compressive and flexural
strength were determined on two mortar prisms for each testing age
according to EN 196-1.

About 6 g of paste with water to binder ratio of 0.5 was prepared in
a glass vial using a slow stirring IKA-WERKE RW16mixer. The vial was
sealed and loaded into a TAM Air isothermal calorimeter in order to
determine the rate of heat of hydration during the first 24 h at 20 °C.

Chemical shrinkage at 20 °C was assessed using the method
described by Geiker et al. [24].

Cement paste samples were prepared with water to binder ratio of
0.5 and stored at 20 °C in 20 ml sealed plastic vessels for thermo-
gravimetric analysis (TGA), X-ray diffraction (XRD) and scanning
electron microscopy (SEM) studies, and 500 ml sealed plastic bottles
for pore solution analysis. The samples, used for thermogravimetric

Table 1
Chemical composition (wt.%) and the physical characteristics of the clinker, fly ash and
limestone powder.

Clinker Fly ash Limestone Quartz

SiO2 20.0 50.0 12.9 99.4
Al2O3 5.4 23.9 2.7 0.3
Fe2O3 3.1 6.0 2.0 0.04
CaO 60.6 6.3 42.3 0.02
MgO 2.9 2.1 1.8 –

SO3 1.5 0.4 – –

P2O5 0.1 1.1 – –

K2O 1.2 1.4 0.6 0.04
Na2O 0.5 0.6 0.5 –

LOI 0.3 3.6 37.7 –

Carbon – 3.1 – –

Chloride 0.05 0.0 – –

Free CaO 1.85 – – –

Gypsum 3.7 – – –

Blaine surface [m2/kg] 450⁎ 450 810 –

Density [kg/m3] 3150⁎ 2490 2740 2650
D50 [μm] 11⁎ 14 4 5

⁎ For OPC=clinker+gyspum.

Table 3
Mineral composition of the fly ash determined by
XRD-Rietveld analysis.

Minerals [wt.%]

quartz 12.3
calcite 0.4
hematite 0.6
anhydrite 0.4
mullite 18.3
amorphous⁎ 68.0

⁎ Glass and 3% amorphous carbon.
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Mineral composition of the clinker determined
by XRD-Rietveld analysis.

Minerals [wt.%]

C2S 19
C3S 54
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C4AF 8

Fig. 1. The particle size distribution of OPC, FA, limestone and quartz determined by
laser diffractometry.
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analysis and X-ray diffraction, were crushed (b63 μm). The hydration
was stopped by solvent exchange using isopropanol during 15 min
and flushing with ether.

Thermogravimetric analysis was performed on about 50 mg of the
resulting powder by monitoring the weight while heating up from 30
to 980 °C at 20 °C/min and purging with N2, in a Mettler Toledo TGA/
SDTA851. The amount of hydrate water (H) and calcium hydroxide
(CH) are expressed as% of the dry sample weight at 550 °C (w550):

H =
w40−w550

w550
ð1Þ

and

CH =
w450−w550

w550
⋅
74
18

�ð Þ ð2Þ

ð�Þ CaðOHÞ2 ð74g=molÞ → CaO + H2O ð18g=molÞ weight difference
determined using stepwise method:

The exact boundaries for the temperature intervals were read from
the derivative curve (DTG). The standard deviation on three
independent measurements at all tested ages is not larger than 0.1%
for H and 0.2% for CH.

About 3 g of the powder was analysed by X-ray diffraction (XRD)
using a PANalytical X'Pert Pro MPD diffractometer in a θ–2θ
configuration with an incident beam monochromator and CuKα
radiation (λ=1.54 Å). The samples were scanned between 5° and 70°
with the X'celerator detector. The Rietveld analysis was performed
using an external CaF2 standard according to the method described by
Le Saout et al. [25].

Slices of hydrated cement paste samples were cut using a water
lubricated saw. They were immediately immersed in isopropanol, kept
in it for 30 min and subsequently dried at 40 °C for 24 h. The outer layer
of the slice was removed using sand paper. A piece of the slices of the
hydrated paste was impregnated using low viscosity epoxy resin,
polished down to 0.25 μm, coated with carbon (few nm) and examined
using a Philips ESEM FEG XL 30 scanning electron microscopy (SEM).
Backscattered electron images (BSE) were analysed quantitatively using
image analysis (IA) to determine the coarse capillary porosity and the
degree of reaction of OPC and fly ash [26] by monitoring the changes in
their vol.% over time. Sixty images were taken per sample at a
magnification of 1600. The minimum pore radius measured corre-
sponds to 0.17 μm.Hence, the coarse porositymeasured by this method
is only a fraction of the total porosity. Energy dispersive X-ray
spectroscopy (EDX)was applied to determine the element compositions
of thematrix. The Ca/Si ratios, aswell as theAl incorporation in the C–S–
H,weredetermined. The analyseswere carried out using anaccelerating
voltage of 15 kV to ensure a good compromise between spatial
resolution and adequate excitation of the FeKα peak.

The pore solution was extracted using the steel die method [27].
Immediately after extraction, the solution was filtrated using a
0.45 μm nylon filter. The pH of the pore solution was analysed with
a pH electrode, calibrated with known KOH concentrations. The
concentration of Na, K, S, Ca, Si and Al in the pore solution was
determined using a Dionex Ion Chromatography system (ICS) 3000
using standards from Fluka.

The hydration of the tested cements was modelled using the Gibbs
free energy minimization program, GEMS [28]. The thermodynamic
data from the PSI-GEMS database [29,30] was supplemented with
cement specific data [31–33]. GEMS computes the equilibrium phase
assemblage in a multi-component system based on the bulk
composition of the materials. For the sake of simplicity, the part of
limestone which is not CaCO3 is considered inert as well as the
crystalline part of the fly ash, and the glass phase of the fly ash [26] is
assumed to dissolve uniformly.

To check whether the crystalline quartz behaves as an inert
material, 50 g of quartz powder was mixed with 50 g of Ca(OH)2 and
100 ml alkaline solution with a pH of 13.5 and KOH:NaOH ratio of 2:1.
A small portion of the paste was taken immediately after mixing and
the reaction was stopped by solvent exchange using isopropanol and
flushing with ether. The rest of the paste was stored under sealed
conditions at 20 °C and after 28 days the reaction of the paste was
stopped. Both the sample taken immediately after mixing (0 day) and
the 28 day old sample were analysed by TGA (see Fig. 2). The quartz
seems to be slightly reactive as water was bound in hydration
products (increased weight loss up to 350 °C) and calcium hydroxide
was consumed (16% decrease inweight loss between 350 and 500 °C).
This indicates that the “inert” quartz filler was not completely inert.

4. Results and discussions

4.1. General

Limestone replacement seems to influence the compressive
strength of the OPC and OPC-FA mortars. Indeed, the compressive
strength tends to increase slightly when 5% of respectively OPC or fly
ash is replaced by 5% limestone powder from 3 days and onwards, but
not after 1 day (Table 5 and Fig. 3). The increase in strength in the
presence of 5% limestone is more pronounced for the OPC-FA than for
the OPC sample. Replacing part of the OPC by fly ash, results in a
slower strength development up to 28 days (Fig. 3). The impact of the
replacement with limestone on the flexural strength (Table 5) was
within the variations of the results.

The effect of limestone and fly ash replacement on the amount of
hydrate water (H) and the amount of calcium hydroxide (CH) is
determined by TGA analyses. The results (Table 5 and Fig. 4) show
that replacing 5% of OPC with limestone powder does not influence
the amount of hydrate water per OPC but tends to decrease the CH
content per OPC from 7 days. Replacing 5% of fly ash by 5% of limestone

Table 4
Experimental matrix in wt.%.

Name OPC FA L

OPC 100 – –

OPC-L 95 – 5
OPC-FA 65 35 –

OPC-FA-L 65 30 5

Fig. 2. Weight loss (TG) and derivative weight loss (DTG) curves for 50:50 Ca(OH)2:
quartz (Q) mix.
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analysis and X-ray diffraction, were crushed (b63 μm). The hydration
was stopped by solvent exchange using isopropanol during 15 min
and flushing with ether.

Thermogravimetric analysis was performed on about 50 mg of the
resulting powder by monitoring the weight while heating up from 30
to 980 °C at 20 °C/min and purging with N2, in a Mettler Toledo TGA/
SDTA851. The amount of hydrate water (H) and calcium hydroxide
(CH) are expressed as% of the dry sample weight at 550 °C (w550):

H =
w40−w550

w550
ð1Þ

and

CH =
w450−w550

w550
⋅
74
18

�ð Þ ð2Þ

ð�Þ CaðOHÞ2 ð74g=molÞ → CaO + H2O ð18g=molÞ weight difference
determined using stepwise method:

The exact boundaries for the temperature intervals were read from
the derivative curve (DTG). The standard deviation on three
independent measurements at all tested ages is not larger than 0.1%
for H and 0.2% for CH.

About 3 g of the powder was analysed by X-ray diffraction (XRD)
using a PANalytical X'Pert Pro MPD diffractometer in a θ–2θ
configuration with an incident beam monochromator and CuKα
radiation (λ=1.54 Å). The samples were scanned between 5° and 70°
with the X'celerator detector. The Rietveld analysis was performed
using an external CaF2 standard according to the method described by
Le Saout et al. [25].

Slices of hydrated cement paste samples were cut using a water
lubricated saw. They were immediately immersed in isopropanol, kept
in it for 30 min and subsequently dried at 40 °C for 24 h. The outer layer
of the slice was removed using sand paper. A piece of the slices of the
hydrated paste was impregnated using low viscosity epoxy resin,
polished down to 0.25 μm, coated with carbon (few nm) and examined
using a Philips ESEM FEG XL 30 scanning electron microscopy (SEM).
Backscattered electron images (BSE) were analysed quantitatively using
image analysis (IA) to determine the coarse capillary porosity and the
degree of reaction of OPC and fly ash [26] by monitoring the changes in
their vol.% over time. Sixty images were taken per sample at a
magnification of 1600. The minimum pore radius measured corre-
sponds to 0.17 μm.Hence, the coarse porositymeasured by this method
is only a fraction of the total porosity. Energy dispersive X-ray
spectroscopy (EDX)was applied to determine the element compositions
of thematrix. The Ca/Si ratios, aswell as theAl incorporation in the C–S–
H,weredetermined. The analyseswere carried out using anaccelerating
voltage of 15 kV to ensure a good compromise between spatial
resolution and adequate excitation of the FeKα peak.

The pore solution was extracted using the steel die method [27].
Immediately after extraction, the solution was filtrated using a
0.45 μm nylon filter. The pH of the pore solution was analysed with
a pH electrode, calibrated with known KOH concentrations. The
concentration of Na, K, S, Ca, Si and Al in the pore solution was
determined using a Dionex Ion Chromatography system (ICS) 3000
using standards from Fluka.

The hydration of the tested cements was modelled using the Gibbs
free energy minimization program, GEMS [28]. The thermodynamic
data from the PSI-GEMS database [29,30] was supplemented with
cement specific data [31–33]. GEMS computes the equilibrium phase
assemblage in a multi-component system based on the bulk
composition of the materials. For the sake of simplicity, the part of
limestone which is not CaCO3 is considered inert as well as the
crystalline part of the fly ash, and the glass phase of the fly ash [26] is
assumed to dissolve uniformly.

To check whether the crystalline quartz behaves as an inert
material, 50 g of quartz powder was mixed with 50 g of Ca(OH)2 and
100 ml alkaline solution with a pH of 13.5 and KOH:NaOH ratio of 2:1.
A small portion of the paste was taken immediately after mixing and
the reaction was stopped by solvent exchange using isopropanol and
flushing with ether. The rest of the paste was stored under sealed
conditions at 20 °C and after 28 days the reaction of the paste was
stopped. Both the sample taken immediately after mixing (0 day) and
the 28 day old sample were analysed by TGA (see Fig. 2). The quartz
seems to be slightly reactive as water was bound in hydration
products (increased weight loss up to 350 °C) and calcium hydroxide
was consumed (16% decrease inweight loss between 350 and 500 °C).
This indicates that the “inert” quartz filler was not completely inert.

4. Results and discussions

4.1. General

Limestone replacement seems to influence the compressive
strength of the OPC and OPC-FA mortars. Indeed, the compressive
strength tends to increase slightly when 5% of respectively OPC or fly
ash is replaced by 5% limestone powder from 3 days and onwards, but
not after 1 day (Table 5 and Fig. 3). The increase in strength in the
presence of 5% limestone is more pronounced for the OPC-FA than for
the OPC sample. Replacing part of the OPC by fly ash, results in a
slower strength development up to 28 days (Fig. 3). The impact of the
replacement with limestone on the flexural strength (Table 5) was
within the variations of the results.

The effect of limestone and fly ash replacement on the amount of
hydrate water (H) and the amount of calcium hydroxide (CH) is
determined by TGA analyses. The results (Table 5 and Fig. 4) show
that replacing 5% of OPC with limestone powder does not influence
the amount of hydrate water per OPC but tends to decrease the CH
content per OPC from 7 days. Replacing 5% of fly ash by 5% of limestone

Table 4
Experimental matrix in wt.%.

Name OPC FA L

OPC 100 – –

OPC-L 95 – 5
OPC-FA 65 35 –

OPC-FA-L 65 30 5

Fig. 2. Weight loss (TG) and derivative weight loss (DTG) curves for 50:50 Ca(OH)2:
quartz (Q) mix.
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analysis and X-ray diffraction, were crushed (b63 μm). The hydration
was stopped by solvent exchange using isopropanol during 15 min
and flushing with ether.

Thermogravimetric analysis was performed on about 50 mg of the
resulting powder by monitoring the weight while heating up from 30
to 980 °C at 20 °C/min and purging with N2, in a Mettler Toledo TGA/
SDTA851. The amount of hydrate water (H) and calcium hydroxide
(CH) are expressed as% of the dry sample weight at 550 °C (w550):

H =
w40−w550

w550
ð1Þ

and

CH =
w450−w550

w550
⋅
74
18

�ð Þ ð2Þ

ð�Þ CaðOHÞ2 ð74g=molÞ → CaO + H2O ð18g=molÞ weight difference
determined using stepwise method:

The exact boundaries for the temperature intervals were read from
the derivative curve (DTG). The standard deviation on three
independent measurements at all tested ages is not larger than 0.1%
for H and 0.2% for CH.

About 3 g of the powder was analysed by X-ray diffraction (XRD)
using a PANalytical X'Pert Pro MPD diffractometer in a θ–2θ
configuration with an incident beam monochromator and CuKα
radiation (λ=1.54 Å). The samples were scanned between 5° and 70°
with the X'celerator detector. The Rietveld analysis was performed
using an external CaF2 standard according to the method described by
Le Saout et al. [25].

Slices of hydrated cement paste samples were cut using a water
lubricated saw. They were immediately immersed in isopropanol, kept
in it for 30 min and subsequently dried at 40 °C for 24 h. The outer layer
of the slice was removed using sand paper. A piece of the slices of the
hydrated paste was impregnated using low viscosity epoxy resin,
polished down to 0.25 μm, coated with carbon (few nm) and examined
using a Philips ESEM FEG XL 30 scanning electron microscopy (SEM).
Backscattered electron images (BSE) were analysed quantitatively using
image analysis (IA) to determine the coarse capillary porosity and the
degree of reaction of OPC and fly ash [26] by monitoring the changes in
their vol.% over time. Sixty images were taken per sample at a
magnification of 1600. The minimum pore radius measured corre-
sponds to 0.17 μm.Hence, the coarse porositymeasured by this method
is only a fraction of the total porosity. Energy dispersive X-ray
spectroscopy (EDX)was applied to determine the element compositions
of thematrix. The Ca/Si ratios, aswell as theAl incorporation in the C–S–
H,weredetermined. The analyseswere carried out using anaccelerating
voltage of 15 kV to ensure a good compromise between spatial
resolution and adequate excitation of the FeKα peak.

The pore solution was extracted using the steel die method [27].
Immediately after extraction, the solution was filtrated using a
0.45 μm nylon filter. The pH of the pore solution was analysed with
a pH electrode, calibrated with known KOH concentrations. The
concentration of Na, K, S, Ca, Si and Al in the pore solution was
determined using a Dionex Ion Chromatography system (ICS) 3000
using standards from Fluka.

The hydration of the tested cements was modelled using the Gibbs
free energy minimization program, GEMS [28]. The thermodynamic
data from the PSI-GEMS database [29,30] was supplemented with
cement specific data [31–33]. GEMS computes the equilibrium phase
assemblage in a multi-component system based on the bulk
composition of the materials. For the sake of simplicity, the part of
limestone which is not CaCO3 is considered inert as well as the
crystalline part of the fly ash, and the glass phase of the fly ash [26] is
assumed to dissolve uniformly.

To check whether the crystalline quartz behaves as an inert
material, 50 g of quartz powder was mixed with 50 g of Ca(OH)2 and
100 ml alkaline solution with a pH of 13.5 and KOH:NaOH ratio of 2:1.
A small portion of the paste was taken immediately after mixing and
the reaction was stopped by solvent exchange using isopropanol and
flushing with ether. The rest of the paste was stored under sealed
conditions at 20 °C and after 28 days the reaction of the paste was
stopped. Both the sample taken immediately after mixing (0 day) and
the 28 day old sample were analysed by TGA (see Fig. 2). The quartz
seems to be slightly reactive as water was bound in hydration
products (increased weight loss up to 350 °C) and calcium hydroxide
was consumed (16% decrease inweight loss between 350 and 500 °C).
This indicates that the “inert” quartz filler was not completely inert.

4. Results and discussions

4.1. General

Limestone replacement seems to influence the compressive
strength of the OPC and OPC-FA mortars. Indeed, the compressive
strength tends to increase slightly when 5% of respectively OPC or fly
ash is replaced by 5% limestone powder from 3 days and onwards, but
not after 1 day (Table 5 and Fig. 3). The increase in strength in the
presence of 5% limestone is more pronounced for the OPC-FA than for
the OPC sample. Replacing part of the OPC by fly ash, results in a
slower strength development up to 28 days (Fig. 3). The impact of the
replacement with limestone on the flexural strength (Table 5) was
within the variations of the results.

The effect of limestone and fly ash replacement on the amount of
hydrate water (H) and the amount of calcium hydroxide (CH) is
determined by TGA analyses. The results (Table 5 and Fig. 4) show
that replacing 5% of OPC with limestone powder does not influence
the amount of hydrate water per OPC but tends to decrease the CH
content per OPC from 7 days. Replacing 5% of fly ash by 5% of limestone
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Experimental matrix in wt.%.

Name OPC FA L

OPC 100 – –

OPC-L 95 – 5
OPC-FA 65 35 –

OPC-FA-L 65 30 5

Fig. 2. Weight loss (TG) and derivative weight loss (DTG) curves for 50:50 Ca(OH)2:
quartz (Q) mix.
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analysis and X-ray diffraction, were crushed (b63 μm). The hydration
was stopped by solvent exchange using isopropanol during 15 min
and flushing with ether.

Thermogravimetric analysis was performed on about 50 mg of the
resulting powder by monitoring the weight while heating up from 30
to 980 °C at 20 °C/min and purging with N2, in a Mettler Toledo TGA/
SDTA851. The amount of hydrate water (H) and calcium hydroxide
(CH) are expressed as% of the dry sample weight at 550 °C (w550):

H =
w40−w550

w550
ð1Þ

and

CH =
w450−w550

w550
⋅
74
18

�ð Þ ð2Þ

ð�Þ CaðOHÞ2 ð74g=molÞ → CaO + H2O ð18g=molÞ weight difference
determined using stepwise method:

The exact boundaries for the temperature intervals were read from
the derivative curve (DTG). The standard deviation on three
independent measurements at all tested ages is not larger than 0.1%
for H and 0.2% for CH.

About 3 g of the powder was analysed by X-ray diffraction (XRD)
using a PANalytical X'Pert Pro MPD diffractometer in a θ–2θ
configuration with an incident beam monochromator and CuKα
radiation (λ=1.54 Å). The samples were scanned between 5° and 70°
with the X'celerator detector. The Rietveld analysis was performed
using an external CaF2 standard according to the method described by
Le Saout et al. [25].

Slices of hydrated cement paste samples were cut using a water
lubricated saw. They were immediately immersed in isopropanol, kept
in it for 30 min and subsequently dried at 40 °C for 24 h. The outer layer
of the slice was removed using sand paper. A piece of the slices of the
hydrated paste was impregnated using low viscosity epoxy resin,
polished down to 0.25 μm, coated with carbon (few nm) and examined
using a Philips ESEM FEG XL 30 scanning electron microscopy (SEM).
Backscattered electron images (BSE) were analysed quantitatively using
image analysis (IA) to determine the coarse capillary porosity and the
degree of reaction of OPC and fly ash [26] by monitoring the changes in
their vol.% over time. Sixty images were taken per sample at a
magnification of 1600. The minimum pore radius measured corre-
sponds to 0.17 μm.Hence, the coarse porositymeasured by this method
is only a fraction of the total porosity. Energy dispersive X-ray
spectroscopy (EDX)was applied to determine the element compositions
of thematrix. The Ca/Si ratios, aswell as theAl incorporation in the C–S–
H,weredetermined. The analyseswere carried out using anaccelerating
voltage of 15 kV to ensure a good compromise between spatial
resolution and adequate excitation of the FeKα peak.

The pore solution was extracted using the steel die method [27].
Immediately after extraction, the solution was filtrated using a
0.45 μm nylon filter. The pH of the pore solution was analysed with
a pH electrode, calibrated with known KOH concentrations. The
concentration of Na, K, S, Ca, Si and Al in the pore solution was
determined using a Dionex Ion Chromatography system (ICS) 3000
using standards from Fluka.

The hydration of the tested cements was modelled using the Gibbs
free energy minimization program, GEMS [28]. The thermodynamic
data from the PSI-GEMS database [29,30] was supplemented with
cement specific data [31–33]. GEMS computes the equilibrium phase
assemblage in a multi-component system based on the bulk
composition of the materials. For the sake of simplicity, the part of
limestone which is not CaCO3 is considered inert as well as the
crystalline part of the fly ash, and the glass phase of the fly ash [26] is
assumed to dissolve uniformly.

To check whether the crystalline quartz behaves as an inert
material, 50 g of quartz powder was mixed with 50 g of Ca(OH)2 and
100 ml alkaline solution with a pH of 13.5 and KOH:NaOH ratio of 2:1.
A small portion of the paste was taken immediately after mixing and
the reaction was stopped by solvent exchange using isopropanol and
flushing with ether. The rest of the paste was stored under sealed
conditions at 20 °C and after 28 days the reaction of the paste was
stopped. Both the sample taken immediately after mixing (0 day) and
the 28 day old sample were analysed by TGA (see Fig. 2). The quartz
seems to be slightly reactive as water was bound in hydration
products (increased weight loss up to 350 °C) and calcium hydroxide
was consumed (16% decrease inweight loss between 350 and 500 °C).
This indicates that the “inert” quartz filler was not completely inert.

4. Results and discussions

4.1. General

Limestone replacement seems to influence the compressive
strength of the OPC and OPC-FA mortars. Indeed, the compressive
strength tends to increase slightly when 5% of respectively OPC or fly
ash is replaced by 5% limestone powder from 3 days and onwards, but
not after 1 day (Table 5 and Fig. 3). The increase in strength in the
presence of 5% limestone is more pronounced for the OPC-FA than for
the OPC sample. Replacing part of the OPC by fly ash, results in a
slower strength development up to 28 days (Fig. 3). The impact of the
replacement with limestone on the flexural strength (Table 5) was
within the variations of the results.

The effect of limestone and fly ash replacement on the amount of
hydrate water (H) and the amount of calcium hydroxide (CH) is
determined by TGA analyses. The results (Table 5 and Fig. 4) show
that replacing 5% of OPC with limestone powder does not influence
the amount of hydrate water per OPC but tends to decrease the CH
content per OPC from 7 days. Replacing 5% of fly ash by 5% of limestone

Table 4
Experimental matrix in wt.%.

Name OPC FA L

OPC 100 – –

OPC-L 95 – 5
OPC-FA 65 35 –

OPC-FA-L 65 30 5

Fig. 2. Weight loss (TG) and derivative weight loss (DTG) curves for 50:50 Ca(OH)2:
quartz (Q) mix.
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powder in OPC-FA however increases the amount of hydrate water
per OPC after 7 days and decreases the CH content per OPC after
28 days. The observed decrease in CH when limestone powder is
present indicates the formation of hydration products which consume
CH e.g. calcium hemicarboaluminate hydrate.

The CH content and the amount of hydrate water per OPC of the fly
ash containing cements are initially higher than the OPC and OPC-L
cements (Fig. 4), due to the filler effect of the fly ash. Replacing OPC
with fly ash increases the effective water to OPC ratio and the fly ash
provides additional surface for hydration products to precipitate on,
thereby stimulating the OPC reaction. However, the amount of
hydrate water relative to the dry binder however decreases,
indicating that the filler effect does not compensate for the
replacement of the OPC. From 7 to 28 days, the CH content per OPC
starts to decrease in the fly ash containing cements as it is consumed

by the pozzolanic reaction of the fly ash. The amount of CH was also
determined by XRD-Rietveld. The results of both techniques corre-
lated well (±1 wt.% error on both techniques).

Isothermal calorimetry shows that there is hardly any difference
between the heat of hydration per gram OPC evolved during the
hydration of OPC or OPC-FA and their limestone containing
equivalents during the first 24 h (Fig. 5), which is in agreement
with other findings [13]. However, it should be noted that the effect of
limestone powder on the heat of hydration emitted depends on the
water-to-cement ratio used [34] and the fineness of the limestone
powder [35]. The replacement of OPC by fly ash results in an increase
and a delay of the maximum rate of heat of hydration relative to the
OPC content. The shape of the heat evolution curves is also influenced
by the presence of the fly ash confirming previous investigations [21].
The cumulative heat per binder emitted during the first 24 h is
decreased with the replacement of 35% of OPC with fly ash and/or
limestone, (230→180 J/g binder). However, the cumulative heat per
OPC content increases due to filler effect (230→280 J/g OPC) of both
limestone and fly ash.

Coupling the previous observations, limestone powder has clearly
an effect on the hydration of OPC and OPC-FA reflected by the increase
of the compressive strength and amount of bound water and the
decrease of calcium hydroxide. However, this effect is not clearly
shown from the one day results (e.g. calorimetry and strength), but
only prevails later. Microstructural investigations are performed to
define qualitatively and quantitatively the effect of limestone powder
on the hydrates of both OPC and OPC-FA blended systems.

4.2. Physical or chemical effect?

In order to investigate whether the effect of limestone powder on
the hydration of OPC and fly ash blended cements is only physical
(additional nucleation sites and higher effective water to cement
ratio) or whether there is also chemical effect; limestone powder was
replaced with crystalline quartz powder with similar particle size
distribution to simulate the physical effect of the limestone.

A new series of experiments including compressive and flexural
strength as well as TGA experiments were performed using a different
batch of the clinker interground with gypsum. The compressive and
flexural strength as well as the amount of hydrate water (H) and
calcium hydroxide (CH) after 1 and 28 days of curing at 20 °C, are
shown in Table 6 for OPC and fly ash blended cements in which the
same amounts of limestone powder and quartz were used. The
obtained results are similar to those shown in Table 5.

There is no clear difference between limestone and quartz
replacement (5 and 10% of the OPC) in OPC systems after 1 day of
hydration as shown by both compressive strengths and TGA
measurements. Using limestone powder instead of quartz resulted
in all cases in a higher compressive strength (about 3–5%) after
28 days of hydration (Table 6). The TGA results after 28 days shows
slightly more hydrate water for the limestone powder containing
blends (Table 6). The slightly reduced CH content for the quartz
containing blends compared to the limestone containing ones is most
likely caused by the slight reactivity of the quartz powder (Fig. 2).

For the fly ash blended cements, an increase in compressive (8%)
and flexural (10%) strength is observed when 5 and 10% of the fly ash
is replaced with limestone powder at 28 days (Table 6). Fly ash can be
substituted with quartz without impairing the early age compressive
and flexural strength. After 28 days more water was bound and
slightly less CH was present in the fly ash cements containing
limestone powder than in the pure fly ash blended cements, as
observed also in Table 5 and Fig. 4. When quartz is used instead of
limestone powder in the fly ash blended cements the amount of
hydrate water and CH is lower.

The chemical shrinkage relative to the OPC content for some of the
composite cements containing limestone or quartz is shown in Fig. 6.Fig. 3. The compressive strength of mortar samples.

Table 5
The compressive (σcomp) and flexural strength (σflex), and the amount of hydrate water
(H) and calcium hydroxide (CH).

Time
[days]

σcomp σflex H CH
[MPa] [MPa] [wt.%] [wt.%]

OPC
1 22.1 5.3 15.1 12.3
3 31.6 7.2 – –

7 36.1 7.7 21.9 18.6
28 45.6 7.1 24.1 20.1
90 48.0 6.9 26.3 22.6
180 – – 28.2 23.4

OPC-L
1 21.9 5.0 14.6 11.9
3 32.8 7.0 – –

7 38.1 7.4 21.0 16.3
28 43.9 7.4 23.4 17.9
90 51.5 7.5 25.0 19.3
180 – – 27.3 20.5

OPC-FA
1 12.1 3.1 11.2 9.1
3 21.5 4.7 – –

7 25.7 5.2 16.0 13.1
28 37.8 7.0 18.2 13.5
90 52.3 6.8 19.8 12.5
180 – – 22.1 12.1

OPC-FA-L
1 12.4 3.2 11.4 9.6
3 23.8 4.8 – –

7 28.8 5.7 17.0 12.9
28 39.8 6.0 19.4 12.7
90 55.3 8.5 21.1 11.9
180 – – 22.9 11.4
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powder in OPC-FA however increases the amount of hydrate water
per OPC after 7 days and decreases the CH content per OPC after
28 days. The observed decrease in CH when limestone powder is
present indicates the formation of hydration products which consume
CH e.g. calcium hemicarboaluminate hydrate.

The CH content and the amount of hydrate water per OPC of the fly
ash containing cements are initially higher than the OPC and OPC-L
cements (Fig. 4), due to the filler effect of the fly ash. Replacing OPC
with fly ash increases the effective water to OPC ratio and the fly ash
provides additional surface for hydration products to precipitate on,
thereby stimulating the OPC reaction. However, the amount of
hydrate water relative to the dry binder however decreases,
indicating that the filler effect does not compensate for the
replacement of the OPC. From 7 to 28 days, the CH content per OPC
starts to decrease in the fly ash containing cements as it is consumed

by the pozzolanic reaction of the fly ash. The amount of CH was also
determined by XRD-Rietveld. The results of both techniques corre-
lated well (±1 wt.% error on both techniques).

Isothermal calorimetry shows that there is hardly any difference
between the heat of hydration per gram OPC evolved during the
hydration of OPC or OPC-FA and their limestone containing
equivalents during the first 24 h (Fig. 5), which is in agreement
with other findings [13]. However, it should be noted that the effect of
limestone powder on the heat of hydration emitted depends on the
water-to-cement ratio used [34] and the fineness of the limestone
powder [35]. The replacement of OPC by fly ash results in an increase
and a delay of the maximum rate of heat of hydration relative to the
OPC content. The shape of the heat evolution curves is also influenced
by the presence of the fly ash confirming previous investigations [21].
The cumulative heat per binder emitted during the first 24 h is
decreased with the replacement of 35% of OPC with fly ash and/or
limestone, (230→180 J/g binder). However, the cumulative heat per
OPC content increases due to filler effect (230→280 J/g OPC) of both
limestone and fly ash.

Coupling the previous observations, limestone powder has clearly
an effect on the hydration of OPC and OPC-FA reflected by the increase
of the compressive strength and amount of bound water and the
decrease of calcium hydroxide. However, this effect is not clearly
shown from the one day results (e.g. calorimetry and strength), but
only prevails later. Microstructural investigations are performed to
define qualitatively and quantitatively the effect of limestone powder
on the hydrates of both OPC and OPC-FA blended systems.

4.2. Physical or chemical effect?

In order to investigate whether the effect of limestone powder on
the hydration of OPC and fly ash blended cements is only physical
(additional nucleation sites and higher effective water to cement
ratio) or whether there is also chemical effect; limestone powder was
replaced with crystalline quartz powder with similar particle size
distribution to simulate the physical effect of the limestone.

A new series of experiments including compressive and flexural
strength as well as TGA experiments were performed using a different
batch of the clinker interground with gypsum. The compressive and
flexural strength as well as the amount of hydrate water (H) and
calcium hydroxide (CH) after 1 and 28 days of curing at 20 °C, are
shown in Table 6 for OPC and fly ash blended cements in which the
same amounts of limestone powder and quartz were used. The
obtained results are similar to those shown in Table 5.

There is no clear difference between limestone and quartz
replacement (5 and 10% of the OPC) in OPC systems after 1 day of
hydration as shown by both compressive strengths and TGA
measurements. Using limestone powder instead of quartz resulted
in all cases in a higher compressive strength (about 3–5%) after
28 days of hydration (Table 6). The TGA results after 28 days shows
slightly more hydrate water for the limestone powder containing
blends (Table 6). The slightly reduced CH content for the quartz
containing blends compared to the limestone containing ones is most
likely caused by the slight reactivity of the quartz powder (Fig. 2).

For the fly ash blended cements, an increase in compressive (8%)
and flexural (10%) strength is observed when 5 and 10% of the fly ash
is replaced with limestone powder at 28 days (Table 6). Fly ash can be
substituted with quartz without impairing the early age compressive
and flexural strength. After 28 days more water was bound and
slightly less CH was present in the fly ash cements containing
limestone powder than in the pure fly ash blended cements, as
observed also in Table 5 and Fig. 4. When quartz is used instead of
limestone powder in the fly ash blended cements the amount of
hydrate water and CH is lower.

The chemical shrinkage relative to the OPC content for some of the
composite cements containing limestone or quartz is shown in Fig. 6.Fig. 3. The compressive strength of mortar samples.

Table 5
The compressive (σcomp) and flexural strength (σflex), and the amount of hydrate water
(H) and calcium hydroxide (CH).

Time
[days]

σcomp σflex H CH
[MPa] [MPa] [wt.%] [wt.%]

OPC
1 22.1 5.3 15.1 12.3
3 31.6 7.2 – –

7 36.1 7.7 21.9 18.6
28 45.6 7.1 24.1 20.1
90 48.0 6.9 26.3 22.6
180 – – 28.2 23.4

OPC-L
1 21.9 5.0 14.6 11.9
3 32.8 7.0 – –

7 38.1 7.4 21.0 16.3
28 43.9 7.4 23.4 17.9
90 51.5 7.5 25.0 19.3
180 – – 27.3 20.5

OPC-FA
1 12.1 3.1 11.2 9.1
3 21.5 4.7 – –

7 25.7 5.2 16.0 13.1
28 37.8 7.0 18.2 13.5
90 52.3 6.8 19.8 12.5
180 – – 22.1 12.1

OPC-FA-L
1 12.4 3.2 11.4 9.6
3 23.8 4.8 – –

7 28.8 5.7 17.0 12.9
28 39.8 6.0 19.4 12.7
90 55.3 8.5 21.1 11.9
180 – – 22.9 11.4
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powder in OPC-FA however increases the amount of hydrate water
per OPC after 7 days and decreases the CH content per OPC after
28 days. The observed decrease in CH when limestone powder is
present indicates the formation of hydration products which consume
CH e.g. calcium hemicarboaluminate hydrate.

The CH content and the amount of hydrate water per OPC of the fly
ash containing cements are initially higher than the OPC and OPC-L
cements (Fig. 4), due to the filler effect of the fly ash. Replacing OPC
with fly ash increases the effective water to OPC ratio and the fly ash
provides additional surface for hydration products to precipitate on,
thereby stimulating the OPC reaction. However, the amount of
hydrate water relative to the dry binder however decreases,
indicating that the filler effect does not compensate for the
replacement of the OPC. From 7 to 28 days, the CH content per OPC
starts to decrease in the fly ash containing cements as it is consumed

by the pozzolanic reaction of the fly ash. The amount of CH was also
determined by XRD-Rietveld. The results of both techniques corre-
lated well (±1 wt.% error on both techniques).

Isothermal calorimetry shows that there is hardly any difference
between the heat of hydration per gram OPC evolved during the
hydration of OPC or OPC-FA and their limestone containing
equivalents during the first 24 h (Fig. 5), which is in agreement
with other findings [13]. However, it should be noted that the effect of
limestone powder on the heat of hydration emitted depends on the
water-to-cement ratio used [34] and the fineness of the limestone
powder [35]. The replacement of OPC by fly ash results in an increase
and a delay of the maximum rate of heat of hydration relative to the
OPC content. The shape of the heat evolution curves is also influenced
by the presence of the fly ash confirming previous investigations [21].
The cumulative heat per binder emitted during the first 24 h is
decreased with the replacement of 35% of OPC with fly ash and/or
limestone, (230→180 J/g binder). However, the cumulative heat per
OPC content increases due to filler effect (230→280 J/g OPC) of both
limestone and fly ash.

Coupling the previous observations, limestone powder has clearly
an effect on the hydration of OPC and OPC-FA reflected by the increase
of the compressive strength and amount of bound water and the
decrease of calcium hydroxide. However, this effect is not clearly
shown from the one day results (e.g. calorimetry and strength), but
only prevails later. Microstructural investigations are performed to
define qualitatively and quantitatively the effect of limestone powder
on the hydrates of both OPC and OPC-FA blended systems.

4.2. Physical or chemical effect?

In order to investigate whether the effect of limestone powder on
the hydration of OPC and fly ash blended cements is only physical
(additional nucleation sites and higher effective water to cement
ratio) or whether there is also chemical effect; limestone powder was
replaced with crystalline quartz powder with similar particle size
distribution to simulate the physical effect of the limestone.

A new series of experiments including compressive and flexural
strength as well as TGA experiments were performed using a different
batch of the clinker interground with gypsum. The compressive and
flexural strength as well as the amount of hydrate water (H) and
calcium hydroxide (CH) after 1 and 28 days of curing at 20 °C, are
shown in Table 6 for OPC and fly ash blended cements in which the
same amounts of limestone powder and quartz were used. The
obtained results are similar to those shown in Table 5.

There is no clear difference between limestone and quartz
replacement (5 and 10% of the OPC) in OPC systems after 1 day of
hydration as shown by both compressive strengths and TGA
measurements. Using limestone powder instead of quartz resulted
in all cases in a higher compressive strength (about 3–5%) after
28 days of hydration (Table 6). The TGA results after 28 days shows
slightly more hydrate water for the limestone powder containing
blends (Table 6). The slightly reduced CH content for the quartz
containing blends compared to the limestone containing ones is most
likely caused by the slight reactivity of the quartz powder (Fig. 2).

For the fly ash blended cements, an increase in compressive (8%)
and flexural (10%) strength is observed when 5 and 10% of the fly ash
is replaced with limestone powder at 28 days (Table 6). Fly ash can be
substituted with quartz without impairing the early age compressive
and flexural strength. After 28 days more water was bound and
slightly less CH was present in the fly ash cements containing
limestone powder than in the pure fly ash blended cements, as
observed also in Table 5 and Fig. 4. When quartz is used instead of
limestone powder in the fly ash blended cements the amount of
hydrate water and CH is lower.

The chemical shrinkage relative to the OPC content for some of the
composite cements containing limestone or quartz is shown in Fig. 6.Fig. 3. The compressive strength of mortar samples.

Table 5
The compressive (σcomp) and flexural strength (σflex), and the amount of hydrate water
(H) and calcium hydroxide (CH).

Time
[days]

σcomp σflex H CH
[MPa] [MPa] [wt.%] [wt.%]

OPC
1 22.1 5.3 15.1 12.3
3 31.6 7.2 – –

7 36.1 7.7 21.9 18.6
28 45.6 7.1 24.1 20.1
90 48.0 6.9 26.3 22.6
180 – – 28.2 23.4

OPC-L
1 21.9 5.0 14.6 11.9
3 32.8 7.0 – –

7 38.1 7.4 21.0 16.3
28 43.9 7.4 23.4 17.9
90 51.5 7.5 25.0 19.3
180 – – 27.3 20.5

OPC-FA
1 12.1 3.1 11.2 9.1
3 21.5 4.7 – –

7 25.7 5.2 16.0 13.1
28 37.8 7.0 18.2 13.5
90 52.3 6.8 19.8 12.5
180 – – 22.1 12.1

OPC-FA-L
1 12.4 3.2 11.4 9.6
3 23.8 4.8 – –

7 28.8 5.7 17.0 12.9
28 39.8 6.0 19.4 12.7
90 55.3 8.5 21.1 11.9
180 – – 22.9 11.4
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powder in OPC-FA however increases the amount of hydrate water
per OPC after 7 days and decreases the CH content per OPC after
28 days. The observed decrease in CH when limestone powder is
present indicates the formation of hydration products which consume
CH e.g. calcium hemicarboaluminate hydrate.

The CH content and the amount of hydrate water per OPC of the fly
ash containing cements are initially higher than the OPC and OPC-L
cements (Fig. 4), due to the filler effect of the fly ash. Replacing OPC
with fly ash increases the effective water to OPC ratio and the fly ash
provides additional surface for hydration products to precipitate on,
thereby stimulating the OPC reaction. However, the amount of
hydrate water relative to the dry binder however decreases,
indicating that the filler effect does not compensate for the
replacement of the OPC. From 7 to 28 days, the CH content per OPC
starts to decrease in the fly ash containing cements as it is consumed

by the pozzolanic reaction of the fly ash. The amount of CH was also
determined by XRD-Rietveld. The results of both techniques corre-
lated well (±1 wt.% error on both techniques).

Isothermal calorimetry shows that there is hardly any difference
between the heat of hydration per gram OPC evolved during the
hydration of OPC or OPC-FA and their limestone containing
equivalents during the first 24 h (Fig. 5), which is in agreement
with other findings [13]. However, it should be noted that the effect of
limestone powder on the heat of hydration emitted depends on the
water-to-cement ratio used [34] and the fineness of the limestone
powder [35]. The replacement of OPC by fly ash results in an increase
and a delay of the maximum rate of heat of hydration relative to the
OPC content. The shape of the heat evolution curves is also influenced
by the presence of the fly ash confirming previous investigations [21].
The cumulative heat per binder emitted during the first 24 h is
decreased with the replacement of 35% of OPC with fly ash and/or
limestone, (230→180 J/g binder). However, the cumulative heat per
OPC content increases due to filler effect (230→280 J/g OPC) of both
limestone and fly ash.

Coupling the previous observations, limestone powder has clearly
an effect on the hydration of OPC and OPC-FA reflected by the increase
of the compressive strength and amount of bound water and the
decrease of calcium hydroxide. However, this effect is not clearly
shown from the one day results (e.g. calorimetry and strength), but
only prevails later. Microstructural investigations are performed to
define qualitatively and quantitatively the effect of limestone powder
on the hydrates of both OPC and OPC-FA blended systems.

4.2. Physical or chemical effect?

In order to investigate whether the effect of limestone powder on
the hydration of OPC and fly ash blended cements is only physical
(additional nucleation sites and higher effective water to cement
ratio) or whether there is also chemical effect; limestone powder was
replaced with crystalline quartz powder with similar particle size
distribution to simulate the physical effect of the limestone.

A new series of experiments including compressive and flexural
strength as well as TGA experiments were performed using a different
batch of the clinker interground with gypsum. The compressive and
flexural strength as well as the amount of hydrate water (H) and
calcium hydroxide (CH) after 1 and 28 days of curing at 20 °C, are
shown in Table 6 for OPC and fly ash blended cements in which the
same amounts of limestone powder and quartz were used. The
obtained results are similar to those shown in Table 5.

There is no clear difference between limestone and quartz
replacement (5 and 10% of the OPC) in OPC systems after 1 day of
hydration as shown by both compressive strengths and TGA
measurements. Using limestone powder instead of quartz resulted
in all cases in a higher compressive strength (about 3–5%) after
28 days of hydration (Table 6). The TGA results after 28 days shows
slightly more hydrate water for the limestone powder containing
blends (Table 6). The slightly reduced CH content for the quartz
containing blends compared to the limestone containing ones is most
likely caused by the slight reactivity of the quartz powder (Fig. 2).

For the fly ash blended cements, an increase in compressive (8%)
and flexural (10%) strength is observed when 5 and 10% of the fly ash
is replaced with limestone powder at 28 days (Table 6). Fly ash can be
substituted with quartz without impairing the early age compressive
and flexural strength. After 28 days more water was bound and
slightly less CH was present in the fly ash cements containing
limestone powder than in the pure fly ash blended cements, as
observed also in Table 5 and Fig. 4. When quartz is used instead of
limestone powder in the fly ash blended cements the amount of
hydrate water and CH is lower.

The chemical shrinkage relative to the OPC content for some of the
composite cements containing limestone or quartz is shown in Fig. 6.Fig. 3. The compressive strength of mortar samples.

Table 5
The compressive (σcomp) and flexural strength (σflex), and the amount of hydrate water
(H) and calcium hydroxide (CH).

Time
[days]

σcomp σflex H CH
[MPa] [MPa] [wt.%] [wt.%]

OPC
1 22.1 5.3 15.1 12.3
3 31.6 7.2 – –

7 36.1 7.7 21.9 18.6
28 45.6 7.1 24.1 20.1
90 48.0 6.9 26.3 22.6
180 – – 28.2 23.4

OPC-L
1 21.9 5.0 14.6 11.9
3 32.8 7.0 – –

7 38.1 7.4 21.0 16.3
28 43.9 7.4 23.4 17.9
90 51.5 7.5 25.0 19.3
180 – – 27.3 20.5

OPC-FA
1 12.1 3.1 11.2 9.1
3 21.5 4.7 – –

7 25.7 5.2 16.0 13.1
28 37.8 7.0 18.2 13.5
90 52.3 6.8 19.8 12.5
180 – – 22.1 12.1

OPC-FA-L
1 12.4 3.2 11.4 9.6
3 23.8 4.8 – –

7 28.8 5.7 17.0 12.9
28 39.8 6.0 19.4 12.7
90 55.3 8.5 21.1 11.9
180 – – 22.9 11.4
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During cement hydration the cement paste exerts chemical shrinkage
as the volume of hydration products is smaller than the volume of the
reactants. OPC-L and OPC-FA-L have a slightly higher chemical
shrinkage per OPC than their limestone free equivalents, OPC and
OPC-FA (Fig. 6), indicating that when limestone is present more
hydration products are formed, or alternatively different hydrates are
formed with even less volume relative to the reactants than the usual
hydrates. The fly ash containing cements have a higher total chemical
shrinkage per OPC partly caused by the filler effect of the fly ash and
partly by the pozzolanic reaction of the fly ash which progresses with
time. The quartz (Q) seems to react over time as the slope of the curve
after about 12 days is steeper than the ones of 100% OPC and 95%
OPC+5% L. The chemical shrinkage per OPC for the 65% OPC+30%
FA+5% L and 65% OPC+30% FA+5% Q is similar. The fact that the
chemical shrinkage of 65% OPC+35% FA is slightly higher than 65%
OPC+35% Q indicates that the fly ash ismore reactive than the quartz.

4.3. Hydration

4.3.1. Anhydrous phases
In order to investigate whether the observed effect of the

limestone powder on the mechanical properties of the OPC and the
fly ash blended cements is due to a promotion of the clinker
hydration, the hydration of clinker phases was monitored by XRD-
Rietveld analysis at 0, 1, 7, 28, 90 and 180 days.

The evolution of the anhydrous clinker phases over time is shown
in Table 7. Alite appears to react fast: more than 70% has reacted after
1 day and more than 90% after 7 days for all tested combinations. The
faster reaction of the clinker phases observed in the presence of FA can

be attributed to the filler effect of fly ash [36–39]. There is no large
difference between OPC-FA and OPC-FA-L concerning the alite
hydration, which could explain the observed effect on the compres-
sive strength, bound water and CH of limestone powder on the
blended fly ash cement. The content of the aluminate and ferrite
phases in the pastes are rather low and their relative error is large,
rendering the interpretation of these results difficult. The trends
indicate a faster reaction of aluminate and ferrite in the FA containing
mixtures. From 28 days, the fly ash tends to retard the reaction of
belite in the FA blended pastes confirming the previous reported
results [37,39,40]. The overall % of OPC reacted as function of time is
similar for all tested combinations.

The degree of hydration of the clinker was also determined by
SEM-IA (Fig. 7). Compared to the results from XRD-Rietveld analysis
(Table 7), SEM-IA slightly overestimates the degree of reaction of the
OPC at early age compared to XRD-Rietveld analysis, possibly due to
the omission of small anhydrous grains not detected by SEM-IA.
Overall, there is a reasonable agreement between two techniques.

The observed enhancing effect of limestone on the strength, TGA
weight loss and chemical shrinkage of the OPC-FA cement might also
be caused by a promotion of the fly ash reaction. The degree of

Fig. 4. The amount of hydrate water (H) and calcium hydroxide (CH) relative to the OPC content.

Fig. 5. The rate of heat of hydration relative to the OPC content.

Table 6
Comparing compressive (σcomp) and flexural strength (σflex), hydrate water (H) and
calcium hydroxide (CH) when replacing limestone powder with crystalline quartz.

Time σcomp σflex H CH
[days] [MPa] [MPa] [wt.%] [wt.%]

LIMESTONE (L)
100OPC 1 22.9 4.9 13.6 13.7

28 47.5 7.9 22.9 21.2
95OPC-5L 1 21.4 4.9 13.2 13.2

28 46.6 7.7 23.1 20.0
90OPC-10L 1 21.7 4.8 13.3 13.3

28 45.5 8.0 22.2 19.1
65OPC-35FA 1 12.3 3.0 10.2 10.6

28 38.3 6.8 17.4 15.0
65OPC-30FA-5L 1 13.2 3.3 10.5 10.6

28 41.2 7.6 18.5 14.4
65OPC-25FA-10L 1 13.3 3.2 10.3 10.5

28 41.2 7.9 18.5 14.5

QUARTZ (Q)
95OPC-5Q 1 20.6 4.8 13.6 13.5

28 44.4 7.6 22.5 19.4
90OPC-10Q 1 20.8 5.0 13.4 13.2

28 44.0 7.6 21.6 18.6
65OPC-30FA-5Q 1 12.7 3.4 11.2 11.3

28 38.5 6.7 18.1 13.9
65OPC-25FA-10Q 1 12.8 3.2 10.4 10.5

28 38.7 6.8 16.5 12.2
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During cement hydration the cement paste exerts chemical shrinkage
as the volume of hydration products is smaller than the volume of the
reactants. OPC-L and OPC-FA-L have a slightly higher chemical
shrinkage per OPC than their limestone free equivalents, OPC and
OPC-FA (Fig. 6), indicating that when limestone is present more
hydration products are formed, or alternatively different hydrates are
formed with even less volume relative to the reactants than the usual
hydrates. The fly ash containing cements have a higher total chemical
shrinkage per OPC partly caused by the filler effect of the fly ash and
partly by the pozzolanic reaction of the fly ash which progresses with
time. The quartz (Q) seems to react over time as the slope of the curve
after about 12 days is steeper than the ones of 100% OPC and 95%
OPC+5% L. The chemical shrinkage per OPC for the 65% OPC+30%
FA+5% L and 65% OPC+30% FA+5% Q is similar. The fact that the
chemical shrinkage of 65% OPC+35% FA is slightly higher than 65%
OPC+35% Q indicates that the fly ash ismore reactive than the quartz.

4.3. Hydration

4.3.1. Anhydrous phases
In order to investigate whether the observed effect of the

limestone powder on the mechanical properties of the OPC and the
fly ash blended cements is due to a promotion of the clinker
hydration, the hydration of clinker phases was monitored by XRD-
Rietveld analysis at 0, 1, 7, 28, 90 and 180 days.

The evolution of the anhydrous clinker phases over time is shown
in Table 7. Alite appears to react fast: more than 70% has reacted after
1 day and more than 90% after 7 days for all tested combinations. The
faster reaction of the clinker phases observed in the presence of FA can

be attributed to the filler effect of fly ash [36–39]. There is no large
difference between OPC-FA and OPC-FA-L concerning the alite
hydration, which could explain the observed effect on the compres-
sive strength, bound water and CH of limestone powder on the
blended fly ash cement. The content of the aluminate and ferrite
phases in the pastes are rather low and their relative error is large,
rendering the interpretation of these results difficult. The trends
indicate a faster reaction of aluminate and ferrite in the FA containing
mixtures. From 28 days, the fly ash tends to retard the reaction of
belite in the FA blended pastes confirming the previous reported
results [37,39,40]. The overall % of OPC reacted as function of time is
similar for all tested combinations.

The degree of hydration of the clinker was also determined by
SEM-IA (Fig. 7). Compared to the results from XRD-Rietveld analysis
(Table 7), SEM-IA slightly overestimates the degree of reaction of the
OPC at early age compared to XRD-Rietveld analysis, possibly due to
the omission of small anhydrous grains not detected by SEM-IA.
Overall, there is a reasonable agreement between two techniques.

The observed enhancing effect of limestone on the strength, TGA
weight loss and chemical shrinkage of the OPC-FA cement might also
be caused by a promotion of the fly ash reaction. The degree of

Fig. 4. The amount of hydrate water (H) and calcium hydroxide (CH) relative to the OPC content.

Fig. 5. The rate of heat of hydration relative to the OPC content.

Table 6
Comparing compressive (σcomp) and flexural strength (σflex), hydrate water (H) and
calcium hydroxide (CH) when replacing limestone powder with crystalline quartz.

Time σcomp σflex H CH
[days] [MPa] [MPa] [wt.%] [wt.%]

LIMESTONE (L)
100OPC 1 22.9 4.9 13.6 13.7

28 47.5 7.9 22.9 21.2
95OPC-5L 1 21.4 4.9 13.2 13.2

28 46.6 7.7 23.1 20.0
90OPC-10L 1 21.7 4.8 13.3 13.3

28 45.5 8.0 22.2 19.1
65OPC-35FA 1 12.3 3.0 10.2 10.6

28 38.3 6.8 17.4 15.0
65OPC-30FA-5L 1 13.2 3.3 10.5 10.6

28 41.2 7.6 18.5 14.4
65OPC-25FA-10L 1 13.3 3.2 10.3 10.5

28 41.2 7.9 18.5 14.5

QUARTZ (Q)
95OPC-5Q 1 20.6 4.8 13.6 13.5

28 44.4 7.6 22.5 19.4
90OPC-10Q 1 20.8 5.0 13.4 13.2

28 44.0 7.6 21.6 18.6
65OPC-30FA-5Q 1 12.7 3.4 11.2 11.3

28 38.5 6.7 18.1 13.9
65OPC-25FA-10Q 1 12.8 3.2 10.4 10.5

28 38.7 6.8 16.5 12.2
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During cement hydration the cement paste exerts chemical shrinkage
as the volume of hydration products is smaller than the volume of the
reactants. OPC-L and OPC-FA-L have a slightly higher chemical
shrinkage per OPC than their limestone free equivalents, OPC and
OPC-FA (Fig. 6), indicating that when limestone is present more
hydration products are formed, or alternatively different hydrates are
formed with even less volume relative to the reactants than the usual
hydrates. The fly ash containing cements have a higher total chemical
shrinkage per OPC partly caused by the filler effect of the fly ash and
partly by the pozzolanic reaction of the fly ash which progresses with
time. The quartz (Q) seems to react over time as the slope of the curve
after about 12 days is steeper than the ones of 100% OPC and 95%
OPC+5% L. The chemical shrinkage per OPC for the 65% OPC+30%
FA+5% L and 65% OPC+30% FA+5% Q is similar. The fact that the
chemical shrinkage of 65% OPC+35% FA is slightly higher than 65%
OPC+35% Q indicates that the fly ash ismore reactive than the quartz.

4.3. Hydration

4.3.1. Anhydrous phases
In order to investigate whether the observed effect of the

limestone powder on the mechanical properties of the OPC and the
fly ash blended cements is due to a promotion of the clinker
hydration, the hydration of clinker phases was monitored by XRD-
Rietveld analysis at 0, 1, 7, 28, 90 and 180 days.

The evolution of the anhydrous clinker phases over time is shown
in Table 7. Alite appears to react fast: more than 70% has reacted after
1 day and more than 90% after 7 days for all tested combinations. The
faster reaction of the clinker phases observed in the presence of FA can

be attributed to the filler effect of fly ash [36–39]. There is no large
difference between OPC-FA and OPC-FA-L concerning the alite
hydration, which could explain the observed effect on the compres-
sive strength, bound water and CH of limestone powder on the
blended fly ash cement. The content of the aluminate and ferrite
phases in the pastes are rather low and their relative error is large,
rendering the interpretation of these results difficult. The trends
indicate a faster reaction of aluminate and ferrite in the FA containing
mixtures. From 28 days, the fly ash tends to retard the reaction of
belite in the FA blended pastes confirming the previous reported
results [37,39,40]. The overall % of OPC reacted as function of time is
similar for all tested combinations.

The degree of hydration of the clinker was also determined by
SEM-IA (Fig. 7). Compared to the results from XRD-Rietveld analysis
(Table 7), SEM-IA slightly overestimates the degree of reaction of the
OPC at early age compared to XRD-Rietveld analysis, possibly due to
the omission of small anhydrous grains not detected by SEM-IA.
Overall, there is a reasonable agreement between two techniques.

The observed enhancing effect of limestone on the strength, TGA
weight loss and chemical shrinkage of the OPC-FA cement might also
be caused by a promotion of the fly ash reaction. The degree of

Fig. 4. The amount of hydrate water (H) and calcium hydroxide (CH) relative to the OPC content.

Fig. 5. The rate of heat of hydration relative to the OPC content.

Table 6
Comparing compressive (σcomp) and flexural strength (σflex), hydrate water (H) and
calcium hydroxide (CH) when replacing limestone powder with crystalline quartz.

Time σcomp σflex H CH
[days] [MPa] [MPa] [wt.%] [wt.%]

LIMESTONE (L)
100OPC 1 22.9 4.9 13.6 13.7

28 47.5 7.9 22.9 21.2
95OPC-5L 1 21.4 4.9 13.2 13.2

28 46.6 7.7 23.1 20.0
90OPC-10L 1 21.7 4.8 13.3 13.3

28 45.5 8.0 22.2 19.1
65OPC-35FA 1 12.3 3.0 10.2 10.6

28 38.3 6.8 17.4 15.0
65OPC-30FA-5L 1 13.2 3.3 10.5 10.6

28 41.2 7.6 18.5 14.4
65OPC-25FA-10L 1 13.3 3.2 10.3 10.5

28 41.2 7.9 18.5 14.5

QUARTZ (Q)
95OPC-5Q 1 20.6 4.8 13.6 13.5

28 44.4 7.6 22.5 19.4
90OPC-10Q 1 20.8 5.0 13.4 13.2

28 44.0 7.6 21.6 18.6
65OPC-30FA-5Q 1 12.7 3.4 11.2 11.3

28 38.5 6.7 18.1 13.9
65OPC-25FA-10Q 1 12.8 3.2 10.4 10.5

28 38.7 6.8 16.5 12.2
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During cement hydration the cement paste exerts chemical shrinkage
as the volume of hydration products is smaller than the volume of the
reactants. OPC-L and OPC-FA-L have a slightly higher chemical
shrinkage per OPC than their limestone free equivalents, OPC and
OPC-FA (Fig. 6), indicating that when limestone is present more
hydration products are formed, or alternatively different hydrates are
formed with even less volume relative to the reactants than the usual
hydrates. The fly ash containing cements have a higher total chemical
shrinkage per OPC partly caused by the filler effect of the fly ash and
partly by the pozzolanic reaction of the fly ash which progresses with
time. The quartz (Q) seems to react over time as the slope of the curve
after about 12 days is steeper than the ones of 100% OPC and 95%
OPC+5% L. The chemical shrinkage per OPC for the 65% OPC+30%
FA+5% L and 65% OPC+30% FA+5% Q is similar. The fact that the
chemical shrinkage of 65% OPC+35% FA is slightly higher than 65%
OPC+35% Q indicates that the fly ash ismore reactive than the quartz.

4.3. Hydration

4.3.1. Anhydrous phases
In order to investigate whether the observed effect of the

limestone powder on the mechanical properties of the OPC and the
fly ash blended cements is due to a promotion of the clinker
hydration, the hydration of clinker phases was monitored by XRD-
Rietveld analysis at 0, 1, 7, 28, 90 and 180 days.

The evolution of the anhydrous clinker phases over time is shown
in Table 7. Alite appears to react fast: more than 70% has reacted after
1 day and more than 90% after 7 days for all tested combinations. The
faster reaction of the clinker phases observed in the presence of FA can

be attributed to the filler effect of fly ash [36–39]. There is no large
difference between OPC-FA and OPC-FA-L concerning the alite
hydration, which could explain the observed effect on the compres-
sive strength, bound water and CH of limestone powder on the
blended fly ash cement. The content of the aluminate and ferrite
phases in the pastes are rather low and their relative error is large,
rendering the interpretation of these results difficult. The trends
indicate a faster reaction of aluminate and ferrite in the FA containing
mixtures. From 28 days, the fly ash tends to retard the reaction of
belite in the FA blended pastes confirming the previous reported
results [37,39,40]. The overall % of OPC reacted as function of time is
similar for all tested combinations.

The degree of hydration of the clinker was also determined by
SEM-IA (Fig. 7). Compared to the results from XRD-Rietveld analysis
(Table 7), SEM-IA slightly overestimates the degree of reaction of the
OPC at early age compared to XRD-Rietveld analysis, possibly due to
the omission of small anhydrous grains not detected by SEM-IA.
Overall, there is a reasonable agreement between two techniques.

The observed enhancing effect of limestone on the strength, TGA
weight loss and chemical shrinkage of the OPC-FA cement might also
be caused by a promotion of the fly ash reaction. The degree of

Fig. 4. The amount of hydrate water (H) and calcium hydroxide (CH) relative to the OPC content.

Fig. 5. The rate of heat of hydration relative to the OPC content.

Table 6
Comparing compressive (σcomp) and flexural strength (σflex), hydrate water (H) and
calcium hydroxide (CH) when replacing limestone powder with crystalline quartz.

Time σcomp σflex H CH
[days] [MPa] [MPa] [wt.%] [wt.%]

LIMESTONE (L)
100OPC 1 22.9 4.9 13.6 13.7

28 47.5 7.9 22.9 21.2
95OPC-5L 1 21.4 4.9 13.2 13.2

28 46.6 7.7 23.1 20.0
90OPC-10L 1 21.7 4.8 13.3 13.3

28 45.5 8.0 22.2 19.1
65OPC-35FA 1 12.3 3.0 10.2 10.6

28 38.3 6.8 17.4 15.0
65OPC-30FA-5L 1 13.2 3.3 10.5 10.6

28 41.2 7.6 18.5 14.4
65OPC-25FA-10L 1 13.3 3.2 10.3 10.5

28 41.2 7.9 18.5 14.5

QUARTZ (Q)
95OPC-5Q 1 20.6 4.8 13.6 13.5

28 44.4 7.6 22.5 19.4
90OPC-10Q 1 20.8 5.0 13.4 13.2

28 44.0 7.6 21.6 18.6
65OPC-30FA-5Q 1 12.7 3.4 11.2 11.3

28 38.5 6.7 18.1 13.9
65OPC-25FA-10Q 1 12.8 3.2 10.4 10.5

28 38.7 6.8 16.5 12.2
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reaction of the fly ash was quantified using SEM-IA as reported in a
previous study [26]. Limestone powder does not seem to accelerate
the fly ash reaction; the fly ash degree of reaction is similar in both
OPC-FA and OPC-FA-L (see Fig. 7).

4.3.2. Hydration products
In order to study the difference in hydration products formed by

the tested composite cements, their XRD patterns are compared. The
main difference in the XRD-patterns can be seen at low angles, where
the main peaks of the AFm and AFt phases are found (Fig. 8). After
1 day of hydration, the patterns are similar for all tested cements:
ettringite (9.1° 2θ) and ferrite (12.2° 2θ) are observed. In the absence
of limestone powder, the remaining aluminates react with the
ettringite to form monosulphate (Ms 9.8° 2θ) [41] after all gypsum
is consumed according to:

2 C3A + C6ASP3H32 + 4 H →3 C4ASPH12 ð3Þ

Thus less ettringite is observed in the blends without limestone
(Fig. 8). Additionally, another broad peak is observed betweenMs and
Hc, which might be associated with a carbonate and sulphate
containing hydroxy-AFm (AFm*) [13,41].

From 7 days on, AFm* is observed in OPC and OPC-FA. In the OPC-FA
blend monosulfate is (Ms) is clearly visible after 28 days.

For the limestone containing combinations, the remaining alumi-
nates will react with calcium carbonate to form a combination of
mono- and hemicarbonate (Mc at 11.7° 2θ and Hc at 10.8° 2θ) as
observed in Fig. 8 for OPC-L and OPC-FA-L. In this case ettringite does
not decompose in reaction with C3A (Eq. 3):

C3A + CCP + 11 H →C4ACPH11 ð4Þ

C3A + 0:5 CCP + 0:5 CH + 11:5 H →C4ACP0 :5
H12 ð5Þ

After 7 days and longer a relatively large peak for hemicarbonate is
observed, which decreases with time asmonocarbonate forms instead
in the OPC-L and OPC-FA-L blends. This might be due to the limited
solubility/slow dissolution of the limestone powder.

It should be noted that the calcium hydroxide is consumed during
the formation of hemicarbonate (Eq. (5)) which is in line with the
observed relative decrease in CH determined by TGA when 5% of the
OPC or fly ash is replaced by 5% limestone powder.

SEM-EDX and TGA measurements shown in Fig. 9 confirm the
changes in the AFm phases: when limestone is present Mc and Hc are
formed instead of Ms, which is in agreement with XRD data discussed
previously.

The fly ash blended cements have higher amount of AFm phases
relative to the OPC content due to the additional alumina provided by
the reaction of the fly ash and to a smaller extent due to the
acceleration of the hydration of the aluminate phase of the OPC
(Fig. 8).

Rietveld analysis was used to quantify the portlandite, ettringite
and the amount of amorphous phases (Table 7). AFm phases are not
quantified due to their ill-crystalline structure, their relatively low
amount and the lack of data concerning some structures such as
hemicarbonate or hydroxyl AFm. Somewhat more ettringite and
slightly less portlandite were observed in the samples containing
limestone. The presence of FA increased the amount of ettringite per g
OPC and decreased the amount of portlandite over time.

The composition of the C–S–H is characterised by SEM-EDX. The
Ca/Si ratio and Al/Si ratio of OPC and OPC-L are constant over time
with a mean Ca/Si≈1.8±0.1 and Al/Si≈0.06±0.01. For OPC-FA and
OPC-FA-L the ratios change with time: the Ca/Si ratio decreases from
≈1.7 at 1 day to ≈1.4 at 140 days, and the Al/Si ratio increases

Fig. 6. The measured and modelled chemical shrinkage (CS) relative to the OPC content.

Table 7
Content of calcium hydroxide (CH), ettringite, amorphous phases, anhydrous clinker
phases relative to the dry content in wt.% determined by XRD-Rietveld analysis.

Time
[days]

CH Ettringite Amorphous⁎ C3S
[wt.%]

C2S C3A C4AF %OPC
reacted

OPC 0 – – – 55.3 18.9 10.7 8.1 –

1 12.6 9.8 46.2 15.3 17.8 5.9 5.9 51.7
7 18.9 10.1 61.3 6.5 17.1 2.5 3.7 68.0

28 19.0 9.1 71.9 4.5 15.5 1.5 2.5 74.3
90 21.8 7.4 77.2 2.0 8.2 1.5 2.5 84.7

180 21.9 8.8 79.6 1.4 6.5 1.5 2.7 87.1
OPC-L 0 – – – 52.5 18.0 10.2 7.7 –

1 11.5 9.0 48.4 13.0 16.7 5.5 5.5 54.0
7 18.0 9.6 57.1 6.1 15.5 1.8 3.5 69.6

28 18.3 10.4 62.0 2.9 13.4 1.3 2.5 77.3
90 18.8 9.9 68.7 2.2 7.8 1.4 2.2 84.5

180 21.0 11.0 67.9 1.6 5.8 1.4 2.2 87.6
OPC-
FA

0 – – 23.8 33.2 12.2 7.0 5.2 –

1 8.7 9.0 52.4 9.2 12.2 3.8 4.0 49.1
7 14.0 7.4 62.6 2.4 11.6 0.8 2.5 69.8

28 13.7 7.5 69.3 – 10.6 – 1.6 79.0
90 12.5 6.6 71.2 – 7.8 – 1.5 84.0

180 11.3 6.6 76.5 – 7.1 – – 87.6
OPC-
FA-L

0 – – 20.4 33.2 12.2 7.0 5.2 –

1 8.8 9.3 49.5 8.8 12.0 3.8 3.8 50.8
7 13.5 9.2 58.4 1.8 11.6 0.7 2.1 71.6

28 12.8 9.5 67.3 0.6 9.3 – – 82.8
90 12.2 10.5 63.0 – 7.3 – – 87.4

180 10.8 10.9 69.5 – 6.1 – – 89.5

⁎ Amorphous=C–S–H+AFm+amorphous content fly ash.
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reaction of the fly ash was quantified using SEM-IA as reported in a
previous study [26]. Limestone powder does not seem to accelerate
the fly ash reaction; the fly ash degree of reaction is similar in both
OPC-FA and OPC-FA-L (see Fig. 7).

4.3.2. Hydration products
In order to study the difference in hydration products formed by

the tested composite cements, their XRD patterns are compared. The
main difference in the XRD-patterns can be seen at low angles, where
the main peaks of the AFm and AFt phases are found (Fig. 8). After
1 day of hydration, the patterns are similar for all tested cements:
ettringite (9.1° 2θ) and ferrite (12.2° 2θ) are observed. In the absence
of limestone powder, the remaining aluminates react with the
ettringite to form monosulphate (Ms 9.8° 2θ) [41] after all gypsum
is consumed according to:

2 C3A + C6ASP3H32 + 4 H →3 C4ASPH12 ð3Þ

Thus less ettringite is observed in the blends without limestone
(Fig. 8). Additionally, another broad peak is observed betweenMs and
Hc, which might be associated with a carbonate and sulphate
containing hydroxy-AFm (AFm*) [13,41].

From 7 days on, AFm* is observed in OPC and OPC-FA. In the OPC-FA
blend monosulfate is (Ms) is clearly visible after 28 days.

For the limestone containing combinations, the remaining alumi-
nates will react with calcium carbonate to form a combination of
mono- and hemicarbonate (Mc at 11.7° 2θ and Hc at 10.8° 2θ) as
observed in Fig. 8 for OPC-L and OPC-FA-L. In this case ettringite does
not decompose in reaction with C3A (Eq. 3):

C3A + CCP + 11 H →C4ACPH11 ð4Þ

C3A + 0:5 CCP + 0:5 CH + 11:5 H →C4ACP0 :5
H12 ð5Þ

After 7 days and longer a relatively large peak for hemicarbonate is
observed, which decreases with time asmonocarbonate forms instead
in the OPC-L and OPC-FA-L blends. This might be due to the limited
solubility/slow dissolution of the limestone powder.

It should be noted that the calcium hydroxide is consumed during
the formation of hemicarbonate (Eq. (5)) which is in line with the
observed relative decrease in CH determined by TGA when 5% of the
OPC or fly ash is replaced by 5% limestone powder.

SEM-EDX and TGA measurements shown in Fig. 9 confirm the
changes in the AFm phases: when limestone is present Mc and Hc are
formed instead of Ms, which is in agreement with XRD data discussed
previously.

The fly ash blended cements have higher amount of AFm phases
relative to the OPC content due to the additional alumina provided by
the reaction of the fly ash and to a smaller extent due to the
acceleration of the hydration of the aluminate phase of the OPC
(Fig. 8).

Rietveld analysis was used to quantify the portlandite, ettringite
and the amount of amorphous phases (Table 7). AFm phases are not
quantified due to their ill-crystalline structure, their relatively low
amount and the lack of data concerning some structures such as
hemicarbonate or hydroxyl AFm. Somewhat more ettringite and
slightly less portlandite were observed in the samples containing
limestone. The presence of FA increased the amount of ettringite per g
OPC and decreased the amount of portlandite over time.

The composition of the C–S–H is characterised by SEM-EDX. The
Ca/Si ratio and Al/Si ratio of OPC and OPC-L are constant over time
with a mean Ca/Si≈1.8±0.1 and Al/Si≈0.06±0.01. For OPC-FA and
OPC-FA-L the ratios change with time: the Ca/Si ratio decreases from
≈1.7 at 1 day to ≈1.4 at 140 days, and the Al/Si ratio increases

Fig. 6. The measured and modelled chemical shrinkage (CS) relative to the OPC content.

Table 7
Content of calcium hydroxide (CH), ettringite, amorphous phases, anhydrous clinker
phases relative to the dry content in wt.% determined by XRD-Rietveld analysis.

Time
[days]

CH Ettringite Amorphous⁎ C3S
[wt.%]

C2S C3A C4AF %OPC
reacted

OPC 0 – – – 55.3 18.9 10.7 8.1 –

1 12.6 9.8 46.2 15.3 17.8 5.9 5.9 51.7
7 18.9 10.1 61.3 6.5 17.1 2.5 3.7 68.0

28 19.0 9.1 71.9 4.5 15.5 1.5 2.5 74.3
90 21.8 7.4 77.2 2.0 8.2 1.5 2.5 84.7

180 21.9 8.8 79.6 1.4 6.5 1.5 2.7 87.1
OPC-L 0 – – – 52.5 18.0 10.2 7.7 –

1 11.5 9.0 48.4 13.0 16.7 5.5 5.5 54.0
7 18.0 9.6 57.1 6.1 15.5 1.8 3.5 69.6

28 18.3 10.4 62.0 2.9 13.4 1.3 2.5 77.3
90 18.8 9.9 68.7 2.2 7.8 1.4 2.2 84.5

180 21.0 11.0 67.9 1.6 5.8 1.4 2.2 87.6
OPC-
FA

0 – – 23.8 33.2 12.2 7.0 5.2 –

1 8.7 9.0 52.4 9.2 12.2 3.8 4.0 49.1
7 14.0 7.4 62.6 2.4 11.6 0.8 2.5 69.8

28 13.7 7.5 69.3 – 10.6 – 1.6 79.0
90 12.5 6.6 71.2 – 7.8 – 1.5 84.0

180 11.3 6.6 76.5 – 7.1 – – 87.6
OPC-
FA-L

0 – – 20.4 33.2 12.2 7.0 5.2 –

1 8.8 9.3 49.5 8.8 12.0 3.8 3.8 50.8
7 13.5 9.2 58.4 1.8 11.6 0.7 2.1 71.6

28 12.8 9.5 67.3 0.6 9.3 – – 82.8
90 12.2 10.5 63.0 – 7.3 – – 87.4

180 10.8 10.9 69.5 – 6.1 – – 89.5

⁎ Amorphous=C–S–H+AFm+amorphous content fly ash.
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reaction of the fly ash was quantified using SEM-IA as reported in a
previous study [26]. Limestone powder does not seem to accelerate
the fly ash reaction; the fly ash degree of reaction is similar in both
OPC-FA and OPC-FA-L (see Fig. 7).

4.3.2. Hydration products
In order to study the difference in hydration products formed by

the tested composite cements, their XRD patterns are compared. The
main difference in the XRD-patterns can be seen at low angles, where
the main peaks of the AFm and AFt phases are found (Fig. 8). After
1 day of hydration, the patterns are similar for all tested cements:
ettringite (9.1° 2θ) and ferrite (12.2° 2θ) are observed. In the absence
of limestone powder, the remaining aluminates react with the
ettringite to form monosulphate (Ms 9.8° 2θ) [41] after all gypsum
is consumed according to:

2 C3A + C6ASP3H32 + 4 H →3 C4ASPH12 ð3Þ

Thus less ettringite is observed in the blends without limestone
(Fig. 8). Additionally, another broad peak is observed betweenMs and
Hc, which might be associated with a carbonate and sulphate
containing hydroxy-AFm (AFm*) [13,41].

From 7 days on, AFm* is observed in OPC and OPC-FA. In the OPC-FA
blend monosulfate is (Ms) is clearly visible after 28 days.

For the limestone containing combinations, the remaining alumi-
nates will react with calcium carbonate to form a combination of
mono- and hemicarbonate (Mc at 11.7° 2θ and Hc at 10.8° 2θ) as
observed in Fig. 8 for OPC-L and OPC-FA-L. In this case ettringite does
not decompose in reaction with C3A (Eq. 3):

C3A + CCP + 11 H →C4ACPH11 ð4Þ

C3A + 0:5 CCP + 0:5 CH + 11:5 H →C4ACP0 :5
H12 ð5Þ

After 7 days and longer a relatively large peak for hemicarbonate is
observed, which decreases with time asmonocarbonate forms instead
in the OPC-L and OPC-FA-L blends. This might be due to the limited
solubility/slow dissolution of the limestone powder.

It should be noted that the calcium hydroxide is consumed during
the formation of hemicarbonate (Eq. (5)) which is in line with the
observed relative decrease in CH determined by TGA when 5% of the
OPC or fly ash is replaced by 5% limestone powder.

SEM-EDX and TGA measurements shown in Fig. 9 confirm the
changes in the AFm phases: when limestone is present Mc and Hc are
formed instead of Ms, which is in agreement with XRD data discussed
previously.

The fly ash blended cements have higher amount of AFm phases
relative to the OPC content due to the additional alumina provided by
the reaction of the fly ash and to a smaller extent due to the
acceleration of the hydration of the aluminate phase of the OPC
(Fig. 8).

Rietveld analysis was used to quantify the portlandite, ettringite
and the amount of amorphous phases (Table 7). AFm phases are not
quantified due to their ill-crystalline structure, their relatively low
amount and the lack of data concerning some structures such as
hemicarbonate or hydroxyl AFm. Somewhat more ettringite and
slightly less portlandite were observed in the samples containing
limestone. The presence of FA increased the amount of ettringite per g
OPC and decreased the amount of portlandite over time.

The composition of the C–S–H is characterised by SEM-EDX. The
Ca/Si ratio and Al/Si ratio of OPC and OPC-L are constant over time
with a mean Ca/Si≈1.8±0.1 and Al/Si≈0.06±0.01. For OPC-FA and
OPC-FA-L the ratios change with time: the Ca/Si ratio decreases from
≈1.7 at 1 day to ≈1.4 at 140 days, and the Al/Si ratio increases

Fig. 6. The measured and modelled chemical shrinkage (CS) relative to the OPC content.

Table 7
Content of calcium hydroxide (CH), ettringite, amorphous phases, anhydrous clinker
phases relative to the dry content in wt.% determined by XRD-Rietveld analysis.

Time
[days]

CH Ettringite Amorphous⁎ C3S
[wt.%]

C2S C3A C4AF %OPC
reacted

OPC 0 – – – 55.3 18.9 10.7 8.1 –

1 12.6 9.8 46.2 15.3 17.8 5.9 5.9 51.7
7 18.9 10.1 61.3 6.5 17.1 2.5 3.7 68.0

28 19.0 9.1 71.9 4.5 15.5 1.5 2.5 74.3
90 21.8 7.4 77.2 2.0 8.2 1.5 2.5 84.7

180 21.9 8.8 79.6 1.4 6.5 1.5 2.7 87.1
OPC-L 0 – – – 52.5 18.0 10.2 7.7 –

1 11.5 9.0 48.4 13.0 16.7 5.5 5.5 54.0
7 18.0 9.6 57.1 6.1 15.5 1.8 3.5 69.6

28 18.3 10.4 62.0 2.9 13.4 1.3 2.5 77.3
90 18.8 9.9 68.7 2.2 7.8 1.4 2.2 84.5

180 21.0 11.0 67.9 1.6 5.8 1.4 2.2 87.6
OPC-
FA

0 – – 23.8 33.2 12.2 7.0 5.2 –

1 8.7 9.0 52.4 9.2 12.2 3.8 4.0 49.1
7 14.0 7.4 62.6 2.4 11.6 0.8 2.5 69.8

28 13.7 7.5 69.3 – 10.6 – 1.6 79.0
90 12.5 6.6 71.2 – 7.8 – 1.5 84.0

180 11.3 6.6 76.5 – 7.1 – – 87.6
OPC-
FA-L

0 – – 20.4 33.2 12.2 7.0 5.2 –

1 8.8 9.3 49.5 8.8 12.0 3.8 3.8 50.8
7 13.5 9.2 58.4 1.8 11.6 0.7 2.1 71.6

28 12.8 9.5 67.3 0.6 9.3 – – 82.8
90 12.2 10.5 63.0 – 7.3 – – 87.4

180 10.8 10.9 69.5 – 6.1 – – 89.5
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reaction of the fly ash was quantified using SEM-IA as reported in a
previous study [26]. Limestone powder does not seem to accelerate
the fly ash reaction; the fly ash degree of reaction is similar in both
OPC-FA and OPC-FA-L (see Fig. 7).

4.3.2. Hydration products
In order to study the difference in hydration products formed by

the tested composite cements, their XRD patterns are compared. The
main difference in the XRD-patterns can be seen at low angles, where
the main peaks of the AFm and AFt phases are found (Fig. 8). After
1 day of hydration, the patterns are similar for all tested cements:
ettringite (9.1° 2θ) and ferrite (12.2° 2θ) are observed. In the absence
of limestone powder, the remaining aluminates react with the
ettringite to form monosulphate (Ms 9.8° 2θ) [41] after all gypsum
is consumed according to:

2 C3A + C6ASP3H32 + 4 H →3 C4ASPH12 ð3Þ

Thus less ettringite is observed in the blends without limestone
(Fig. 8). Additionally, another broad peak is observed betweenMs and
Hc, which might be associated with a carbonate and sulphate
containing hydroxy-AFm (AFm*) [13,41].

From 7 days on, AFm* is observed in OPC and OPC-FA. In the OPC-FA
blend monosulfate is (Ms) is clearly visible after 28 days.

For the limestone containing combinations, the remaining alumi-
nates will react with calcium carbonate to form a combination of
mono- and hemicarbonate (Mc at 11.7° 2θ and Hc at 10.8° 2θ) as
observed in Fig. 8 for OPC-L and OPC-FA-L. In this case ettringite does
not decompose in reaction with C3A (Eq. 3):

C3A + CCP + 11 H →C4ACPH11 ð4Þ

C3A + 0:5 CCP + 0:5 CH + 11:5 H →C4ACP0 :5
H12 ð5Þ

After 7 days and longer a relatively large peak for hemicarbonate is
observed, which decreases with time asmonocarbonate forms instead
in the OPC-L and OPC-FA-L blends. This might be due to the limited
solubility/slow dissolution of the limestone powder.

It should be noted that the calcium hydroxide is consumed during
the formation of hemicarbonate (Eq. (5)) which is in line with the
observed relative decrease in CH determined by TGA when 5% of the
OPC or fly ash is replaced by 5% limestone powder.

SEM-EDX and TGA measurements shown in Fig. 9 confirm the
changes in the AFm phases: when limestone is present Mc and Hc are
formed instead of Ms, which is in agreement with XRD data discussed
previously.

The fly ash blended cements have higher amount of AFm phases
relative to the OPC content due to the additional alumina provided by
the reaction of the fly ash and to a smaller extent due to the
acceleration of the hydration of the aluminate phase of the OPC
(Fig. 8).

Rietveld analysis was used to quantify the portlandite, ettringite
and the amount of amorphous phases (Table 7). AFm phases are not
quantified due to their ill-crystalline structure, their relatively low
amount and the lack of data concerning some structures such as
hemicarbonate or hydroxyl AFm. Somewhat more ettringite and
slightly less portlandite were observed in the samples containing
limestone. The presence of FA increased the amount of ettringite per g
OPC and decreased the amount of portlandite over time.

The composition of the C–S–H is characterised by SEM-EDX. The
Ca/Si ratio and Al/Si ratio of OPC and OPC-L are constant over time
with a mean Ca/Si≈1.8±0.1 and Al/Si≈0.06±0.01. For OPC-FA and
OPC-FA-L the ratios change with time: the Ca/Si ratio decreases from
≈1.7 at 1 day to ≈1.4 at 140 days, and the Al/Si ratio increases

Fig. 6. The measured and modelled chemical shrinkage (CS) relative to the OPC content.

Table 7
Content of calcium hydroxide (CH), ettringite, amorphous phases, anhydrous clinker
phases relative to the dry content in wt.% determined by XRD-Rietveld analysis.

Time
[days]

CH Ettringite Amorphous⁎ C3S
[wt.%]

C2S C3A C4AF %OPC
reacted

OPC 0 – – – 55.3 18.9 10.7 8.1 –

1 12.6 9.8 46.2 15.3 17.8 5.9 5.9 51.7
7 18.9 10.1 61.3 6.5 17.1 2.5 3.7 68.0

28 19.0 9.1 71.9 4.5 15.5 1.5 2.5 74.3
90 21.8 7.4 77.2 2.0 8.2 1.5 2.5 84.7

180 21.9 8.8 79.6 1.4 6.5 1.5 2.7 87.1
OPC-L 0 – – – 52.5 18.0 10.2 7.7 –

1 11.5 9.0 48.4 13.0 16.7 5.5 5.5 54.0
7 18.0 9.6 57.1 6.1 15.5 1.8 3.5 69.6

28 18.3 10.4 62.0 2.9 13.4 1.3 2.5 77.3
90 18.8 9.9 68.7 2.2 7.8 1.4 2.2 84.5

180 21.0 11.0 67.9 1.6 5.8 1.4 2.2 87.6
OPC-
FA

0 – – 23.8 33.2 12.2 7.0 5.2 –

1 8.7 9.0 52.4 9.2 12.2 3.8 4.0 49.1
7 14.0 7.4 62.6 2.4 11.6 0.8 2.5 69.8

28 13.7 7.5 69.3 – 10.6 – 1.6 79.0
90 12.5 6.6 71.2 – 7.8 – 1.5 84.0

180 11.3 6.6 76.5 – 7.1 – – 87.6
OPC-
FA-L

0 – – 20.4 33.2 12.2 7.0 5.2 –

1 8.8 9.3 49.5 8.8 12.0 3.8 3.8 50.8
7 13.5 9.2 58.4 1.8 11.6 0.7 2.1 71.6

28 12.8 9.5 67.3 0.6 9.3 – – 82.8
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respectively from≈0.06 to ≈0.13 indicating the formation of a more
Si rich C–S–H which incorporates more aluminium. The lower Ca/Si
and higher Al/Si ratios in the presence of fly ash after longer reaction
times agree well with the values found in literature [36,42,43]. The
C–S–H present in the OPC-FA blends shows a significant variation in
the composition. EDX analysis indicates a large spread of the Ca/Si
ratio of the C–S–H from 1.2 to 2.2. This agrees with the findings of
other studies, where an inhomogeneous microstructure with large
differences in the hydrates and the C–S–H composition are found near
fly ash particles, in the outer product or in the inner products near the
clinker grains [43–45].

4.3.3. Pore solution
The pore solution of the different tested cementswas analysed after

1, 28, 90 and 140 days of curing. The different concentrations are
given in Table 8. The sulphate concentration and the pH are plotted as
a function of time in Fig. 10. For OPC and OPC-L, the Na and K
concentration and the pH values increase over time. The pore solution
of the fly ash containing cements have lower pH and alkali
concentrations than OPC and OPC-L mixes, as reported by previous
studies [43,46–48]. Initially, this is due to the dilution of OPC by fly
ash. However, after more than 28 days, the alkali concentrations
decrease for the fly ash containing combinations indicating an
incorporation of alkali in the hydration products formed by the fly
ash [43,48,49]. The Ca, Si and Al of both OPC and OPC-L are not
significantly different. The Ca-concentration in the pore solution of
the OPC-FA and OPC-FA-L mixes, on the other hand, shows a clear
decrease, most likely associated with the calcium hydroxide con-

sumption during the pozzolanic reaction of the fly ash observed by
TGA and XRD-Rietveld (Fig. 4 and Table 7). The Si and Al
concentrations are rather low and are thereby limited in accuracy;
however a slight increasing trend with timemight be observed for the
fly ash containing cements as observed previously [43].

The main difference in pore solution composition between OPC
and OPC-FA, and the limestone containing equivalents is the sulphate
concentration (Fig. 10). After 7 days the concentration is almost twice
as high in the limestone containing mixes than in the ones without
limestone, indicating a change in the sulphate containing AFm and AFt
phases. The same observations on OPC systems were reported
previously [13]. Replacing OPC with fly ash considerably lowers
sulphate concentrations, more than what would be expected from the
OPC dilution. The chemical reasons for that observed strong decrease
of sulphate concentrations are not clear. Possibly, the increase of the
total Al2O3/SO3 ratio in the fly ash containing blends is responsible for
the observed lower sulphate concentrations in the pore solutions.

Based on the measured concentrations, saturation indices (SI)
were calculated. The use of saturation indices can bemisleading when
comparing phases which dissociate into a different number of ions,
thus “effective” saturation indices were calculated by dividing the
saturation indices by the number of ions participating in the reactions
to form the solids as described by Lothenbach et al. [13]. A positive
saturation index implies oversaturation and thereby possible precip-
itation of the solid; a negative value indicates undersaturation,
meaning that the solid cannot form or dissolves. The effective SI for
hemi- andmonocarbonate has been calculated assuming saturation of
the pore solutions with respect to calcite. The effective SI's for

Fig. 8. XRD-patterns for the different tested blends at 1, 7, 28, 90 and 180 days. The main peaks of ettringite (E), monosulphate (Ms), possibly a sulphate and carbonate containing
hydroxy-AFm(AFm*), hemicarbonate (Hc), monocarbonate (Mc) and ferrite (F) are indicated.

Fig. 7. Percentage of OPC and FA reacted as a function of time both determined by SEM-IA.
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respectively from≈0.06 to ≈0.13 indicating the formation of a more
Si rich C–S–H which incorporates more aluminium. The lower Ca/Si
and higher Al/Si ratios in the presence of fly ash after longer reaction
times agree well with the values found in literature [36,42,43]. The
C–S–H present in the OPC-FA blends shows a significant variation in
the composition. EDX analysis indicates a large spread of the Ca/Si
ratio of the C–S–H from 1.2 to 2.2. This agrees with the findings of
other studies, where an inhomogeneous microstructure with large
differences in the hydrates and the C–S–H composition are found near
fly ash particles, in the outer product or in the inner products near the
clinker grains [43–45].

4.3.3. Pore solution
The pore solution of the different tested cementswas analysed after

1, 28, 90 and 140 days of curing. The different concentrations are
given in Table 8. The sulphate concentration and the pH are plotted as
a function of time in Fig. 10. For OPC and OPC-L, the Na and K
concentration and the pH values increase over time. The pore solution
of the fly ash containing cements have lower pH and alkali
concentrations than OPC and OPC-L mixes, as reported by previous
studies [43,46–48]. Initially, this is due to the dilution of OPC by fly
ash. However, after more than 28 days, the alkali concentrations
decrease for the fly ash containing combinations indicating an
incorporation of alkali in the hydration products formed by the fly
ash [43,48,49]. The Ca, Si and Al of both OPC and OPC-L are not
significantly different. The Ca-concentration in the pore solution of
the OPC-FA and OPC-FA-L mixes, on the other hand, shows a clear
decrease, most likely associated with the calcium hydroxide con-

sumption during the pozzolanic reaction of the fly ash observed by
TGA and XRD-Rietveld (Fig. 4 and Table 7). The Si and Al
concentrations are rather low and are thereby limited in accuracy;
however a slight increasing trend with timemight be observed for the
fly ash containing cements as observed previously [43].

The main difference in pore solution composition between OPC
and OPC-FA, and the limestone containing equivalents is the sulphate
concentration (Fig. 10). After 7 days the concentration is almost twice
as high in the limestone containing mixes than in the ones without
limestone, indicating a change in the sulphate containing AFm and AFt
phases. The same observations on OPC systems were reported
previously [13]. Replacing OPC with fly ash considerably lowers
sulphate concentrations, more than what would be expected from the
OPC dilution. The chemical reasons for that observed strong decrease
of sulphate concentrations are not clear. Possibly, the increase of the
total Al2O3/SO3 ratio in the fly ash containing blends is responsible for
the observed lower sulphate concentrations in the pore solutions.

Based on the measured concentrations, saturation indices (SI)
were calculated. The use of saturation indices can bemisleading when
comparing phases which dissociate into a different number of ions,
thus “effective” saturation indices were calculated by dividing the
saturation indices by the number of ions participating in the reactions
to form the solids as described by Lothenbach et al. [13]. A positive
saturation index implies oversaturation and thereby possible precip-
itation of the solid; a negative value indicates undersaturation,
meaning that the solid cannot form or dissolves. The effective SI for
hemi- andmonocarbonate has been calculated assuming saturation of
the pore solutions with respect to calcite. The effective SI's for

Fig. 8. XRD-patterns for the different tested blends at 1, 7, 28, 90 and 180 days. The main peaks of ettringite (E), monosulphate (Ms), possibly a sulphate and carbonate containing
hydroxy-AFm(AFm*), hemicarbonate (Hc), monocarbonate (Mc) and ferrite (F) are indicated.

Fig. 7. Percentage of OPC and FA reacted as a function of time both determined by SEM-IA.
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respectively from≈0.06 to ≈0.13 indicating the formation of a more
Si rich C–S–H which incorporates more aluminium. The lower Ca/Si
and higher Al/Si ratios in the presence of fly ash after longer reaction
times agree well with the values found in literature [36,42,43]. The
C–S–H present in the OPC-FA blends shows a significant variation in
the composition. EDX analysis indicates a large spread of the Ca/Si
ratio of the C–S–H from 1.2 to 2.2. This agrees with the findings of
other studies, where an inhomogeneous microstructure with large
differences in the hydrates and the C–S–H composition are found near
fly ash particles, in the outer product or in the inner products near the
clinker grains [43–45].

4.3.3. Pore solution
The pore solution of the different tested cementswas analysed after

1, 28, 90 and 140 days of curing. The different concentrations are
given in Table 8. The sulphate concentration and the pH are plotted as
a function of time in Fig. 10. For OPC and OPC-L, the Na and K
concentration and the pH values increase over time. The pore solution
of the fly ash containing cements have lower pH and alkali
concentrations than OPC and OPC-L mixes, as reported by previous
studies [43,46–48]. Initially, this is due to the dilution of OPC by fly
ash. However, after more than 28 days, the alkali concentrations
decrease for the fly ash containing combinations indicating an
incorporation of alkali in the hydration products formed by the fly
ash [43,48,49]. The Ca, Si and Al of both OPC and OPC-L are not
significantly different. The Ca-concentration in the pore solution of
the OPC-FA and OPC-FA-L mixes, on the other hand, shows a clear
decrease, most likely associated with the calcium hydroxide con-

sumption during the pozzolanic reaction of the fly ash observed by
TGA and XRD-Rietveld (Fig. 4 and Table 7). The Si and Al
concentrations are rather low and are thereby limited in accuracy;
however a slight increasing trend with timemight be observed for the
fly ash containing cements as observed previously [43].

The main difference in pore solution composition between OPC
and OPC-FA, and the limestone containing equivalents is the sulphate
concentration (Fig. 10). After 7 days the concentration is almost twice
as high in the limestone containing mixes than in the ones without
limestone, indicating a change in the sulphate containing AFm and AFt
phases. The same observations on OPC systems were reported
previously [13]. Replacing OPC with fly ash considerably lowers
sulphate concentrations, more than what would be expected from the
OPC dilution. The chemical reasons for that observed strong decrease
of sulphate concentrations are not clear. Possibly, the increase of the
total Al2O3/SO3 ratio in the fly ash containing blends is responsible for
the observed lower sulphate concentrations in the pore solutions.

Based on the measured concentrations, saturation indices (SI)
were calculated. The use of saturation indices can bemisleading when
comparing phases which dissociate into a different number of ions,
thus “effective” saturation indices were calculated by dividing the
saturation indices by the number of ions participating in the reactions
to form the solids as described by Lothenbach et al. [13]. A positive
saturation index implies oversaturation and thereby possible precip-
itation of the solid; a negative value indicates undersaturation,
meaning that the solid cannot form or dissolves. The effective SI for
hemi- andmonocarbonate has been calculated assuming saturation of
the pore solutions with respect to calcite. The effective SI's for

Fig. 8. XRD-patterns for the different tested blends at 1, 7, 28, 90 and 180 days. The main peaks of ettringite (E), monosulphate (Ms), possibly a sulphate and carbonate containing
hydroxy-AFm(AFm*), hemicarbonate (Hc), monocarbonate (Mc) and ferrite (F) are indicated.

Fig. 7. Percentage of OPC and FA reacted as a function of time both determined by SEM-IA.
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respectively from≈0.06 to ≈0.13 indicating the formation of a more
Si rich C–S–H which incorporates more aluminium. The lower Ca/Si
and higher Al/Si ratios in the presence of fly ash after longer reaction
times agree well with the values found in literature [36,42,43]. The
C–S–H present in the OPC-FA blends shows a significant variation in
the composition. EDX analysis indicates a large spread of the Ca/Si
ratio of the C–S–H from 1.2 to 2.2. This agrees with the findings of
other studies, where an inhomogeneous microstructure with large
differences in the hydrates and the C–S–H composition are found near
fly ash particles, in the outer product or in the inner products near the
clinker grains [43–45].

4.3.3. Pore solution
The pore solution of the different tested cementswas analysed after

1, 28, 90 and 140 days of curing. The different concentrations are
given in Table 8. The sulphate concentration and the pH are plotted as
a function of time in Fig. 10. For OPC and OPC-L, the Na and K
concentration and the pH values increase over time. The pore solution
of the fly ash containing cements have lower pH and alkali
concentrations than OPC and OPC-L mixes, as reported by previous
studies [43,46–48]. Initially, this is due to the dilution of OPC by fly
ash. However, after more than 28 days, the alkali concentrations
decrease for the fly ash containing combinations indicating an
incorporation of alkali in the hydration products formed by the fly
ash [43,48,49]. The Ca, Si and Al of both OPC and OPC-L are not
significantly different. The Ca-concentration in the pore solution of
the OPC-FA and OPC-FA-L mixes, on the other hand, shows a clear
decrease, most likely associated with the calcium hydroxide con-

sumption during the pozzolanic reaction of the fly ash observed by
TGA and XRD-Rietveld (Fig. 4 and Table 7). The Si and Al
concentrations are rather low and are thereby limited in accuracy;
however a slight increasing trend with timemight be observed for the
fly ash containing cements as observed previously [43].

The main difference in pore solution composition between OPC
and OPC-FA, and the limestone containing equivalents is the sulphate
concentration (Fig. 10). After 7 days the concentration is almost twice
as high in the limestone containing mixes than in the ones without
limestone, indicating a change in the sulphate containing AFm and AFt
phases. The same observations on OPC systems were reported
previously [13]. Replacing OPC with fly ash considerably lowers
sulphate concentrations, more than what would be expected from the
OPC dilution. The chemical reasons for that observed strong decrease
of sulphate concentrations are not clear. Possibly, the increase of the
total Al2O3/SO3 ratio in the fly ash containing blends is responsible for
the observed lower sulphate concentrations in the pore solutions.

Based on the measured concentrations, saturation indices (SI)
were calculated. The use of saturation indices can bemisleading when
comparing phases which dissociate into a different number of ions,
thus “effective” saturation indices were calculated by dividing the
saturation indices by the number of ions participating in the reactions
to form the solids as described by Lothenbach et al. [13]. A positive
saturation index implies oversaturation and thereby possible precip-
itation of the solid; a negative value indicates undersaturation,
meaning that the solid cannot form or dissolves. The effective SI for
hemi- andmonocarbonate has been calculated assuming saturation of
the pore solutions with respect to calcite. The effective SI's for

Fig. 8. XRD-patterns for the different tested blends at 1, 7, 28, 90 and 180 days. The main peaks of ettringite (E), monosulphate (Ms), possibly a sulphate and carbonate containing
hydroxy-AFm(AFm*), hemicarbonate (Hc), monocarbonate (Mc) and ferrite (F) are indicated.

Fig. 7. Percentage of OPC and FA reacted as a function of time both determined by SEM-IA.
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portlandite, gypsum, ettringite, monosulphate, monocarbonate and
hemicarbonate at 1, 7, 28, 90 and 140 days are given in Table 8.
Gypsum is under-saturated for all tested combinations. After 28 days
and longer portlandite is under-saturated in the fly ash containing
blends, due to its consumption by the pozzolanic reaction of the fly
ash. This under-saturation is consistent with the slow dissolution of
portlandite in the FA containing samples as observed by TGA and XRD
(Fig. 4 and Table 7). Ettringite is over-saturated at all times for the
OPC, OPC-L and OPC-FA-L samples. Ettringite is under-saturated in the
OPC-FA (without limestone) after more than 28 days indicating that
ettringite slowly dissolves in this blend. Generally, the effective SI of
ettringite is higher in the limestone containing samples. Monosul-
phate is near saturation for all blends. Mono- and hemicarbonate are
near saturation for both limestone containing combinations (except
for hemicarbonate for the OPC-FA-L blend at 90 and 140 days).

The pore solution analysis indicates the presence of ettringite and
AFm phases as well as the consumption of portlandite in the FA
containing blends due to the pozzolanic reaction with the fly ash.

4.3.4. Porosity
The porosity of the cement paste has been found to be lower when a

small amount of limestone powder is added to OPC [50]. Relative to the
aluminate content, ettringite (C6AS3H32) is more voluminous than
monosulphate (C4ASH12): 707 cm3/mol versus 309 cm3/mol at 25 °C
[33]. As limestone powder stabilizes the ettringite and prevents the
transformation to monosulphate, the total volume of hydration
products relative to the OPC content will increase. This volume increase
of the hydration products might lead to a reduction in porosity that
more than compensates the replacement of OPC by limestone powder.

Fig. 9. EDX and TGA analysis of respectively 140 and 180 day old paste samples indicating changes in the composition of the AFm phases.

Table 8
Composition pore solution and effective saturation indices for calcium hydroxide (CH), gypsum, ettringite (Ett), monosulphate (Ms), monocarbonate (Mc) and hemicarbonate (Hc).

Time Concentration in pore solution [mmol/l] Effective saturation index
[days]

Na K Ca S Si Al OH− pH CH Gypsum Ett Ms Mc Hc

OPC
1 131 315 1.1 4.2 0.43 0.22 653 13.7 0.05 −1.35 0.11 0.03 – –

7 196 417 1.5 6.3 0.37 0.17 699 13.8 0.16 −1.27 0.17 0.09 – –

28 244 495 1.0 9.3 0.33 0.17 675 13.7 0.14 −1.31 0.13 0.05 – –

90 274 534 1.4 10.9 0.34 0.23 699 13.8 0.20 −1.23 0.20 0.12 – –

140 302 565 1.0 13.0 0.30 0.33 627 13.7 0.15 −1.3 0.17 0.10 – –

OPC-L
1 258 443 1.5 6.3 0.37 0.21 589 13.7 0.18 −1.31 0.17 0.10 0.19 0.27
7 244 497 1.8 12.8 0.31 0.25 653 13.7 0.22 −1.12 0.28 0.18 0.24 0.36
28 258 515 0.9 17.1 0.29 0.23 631 13.7 0.12 −1.21 0.17 0.07 0.15 0.18
90 274 537 1.2 25.1 0.30 0.21 631 13.7 0.16 −1.09 0.23 0.12 0.17 0.22
140 279 532 1.2 27.6 0.29 0.31 677 13.7 0.17 −1.05 0.28 0.16 0.21 0.30

OPC-FA
1 223 310 2.0 1.2 0.22 0.16 459 13.6 0.19 −1.51 0.10 0.07 – –

7 223 303 1.6 1.3 0.16 0.13 493 13.6 0.15 −1.54 0.05 0.02 – –

28 228 271 1.2 1.6 0.26 0.10 459 13.6 0.09 −1.55 0.00 −0.05 – –

90 165 241 0.5 2.6 0.48 0.15 368 13.5 −0.08 −1.59 −0.08 −0.14 – –

140 151 227 0.7 2.6 0.53 0.27 303 13.4 −0.07 −1.53 −0.01 −0.07 – –

OPC-FA-L
1 158 313 2.2 1.7 0.21 0.14 442 13.5 0.18 −1.38 0.15 0.09 0.19 0.28
7 184 336 1.9 4.1 0.17 0.13 475 13.6 0.17 −1.25 0.19 0.10 0.18 0.24
28 193 297 1.2 5.9 0.28 0.16 426 13.5 0.08 −1.27 0.14 0.04 0.12 0.12
90 176 251 0.7 7.2 0.45 0.16 368 13.5 −0.04 −1.32 0.06 −0.06 0.04 −0.06
140 151 235 0.6 6.5 0.42 0.22 278 13.3 −0.07 −1.34 0.06 −0.05 0.05 −0.06
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portlandite, gypsum, ettringite, monosulphate, monocarbonate and
hemicarbonate at 1, 7, 28, 90 and 140 days are given in Table 8.
Gypsum is under-saturated for all tested combinations. After 28 days
and longer portlandite is under-saturated in the fly ash containing
blends, due to its consumption by the pozzolanic reaction of the fly
ash. This under-saturation is consistent with the slow dissolution of
portlandite in the FA containing samples as observed by TGA and XRD
(Fig. 4 and Table 7). Ettringite is over-saturated at all times for the
OPC, OPC-L and OPC-FA-L samples. Ettringite is under-saturated in the
OPC-FA (without limestone) after more than 28 days indicating that
ettringite slowly dissolves in this blend. Generally, the effective SI of
ettringite is higher in the limestone containing samples. Monosul-
phate is near saturation for all blends. Mono- and hemicarbonate are
near saturation for both limestone containing combinations (except
for hemicarbonate for the OPC-FA-L blend at 90 and 140 days).

The pore solution analysis indicates the presence of ettringite and
AFm phases as well as the consumption of portlandite in the FA
containing blends due to the pozzolanic reaction with the fly ash.

4.3.4. Porosity
The porosity of the cement paste has been found to be lower when a

small amount of limestone powder is added to OPC [50]. Relative to the
aluminate content, ettringite (C6AS3H32) is more voluminous than
monosulphate (C4ASH12): 707 cm3/mol versus 309 cm3/mol at 25 °C
[33]. As limestone powder stabilizes the ettringite and prevents the
transformation to monosulphate, the total volume of hydration
products relative to the OPC content will increase. This volume increase
of the hydration products might lead to a reduction in porosity that
more than compensates the replacement of OPC by limestone powder.

Fig. 9. EDX and TGA analysis of respectively 140 and 180 day old paste samples indicating changes in the composition of the AFm phases.

Table 8
Composition pore solution and effective saturation indices for calcium hydroxide (CH), gypsum, ettringite (Ett), monosulphate (Ms), monocarbonate (Mc) and hemicarbonate (Hc).

Time Concentration in pore solution [mmol/l] Effective saturation index
[days]

Na K Ca S Si Al OH− pH CH Gypsum Ett Ms Mc Hc

OPC
1 131 315 1.1 4.2 0.43 0.22 653 13.7 0.05 −1.35 0.11 0.03 – –

7 196 417 1.5 6.3 0.37 0.17 699 13.8 0.16 −1.27 0.17 0.09 – –

28 244 495 1.0 9.3 0.33 0.17 675 13.7 0.14 −1.31 0.13 0.05 – –

90 274 534 1.4 10.9 0.34 0.23 699 13.8 0.20 −1.23 0.20 0.12 – –

140 302 565 1.0 13.0 0.30 0.33 627 13.7 0.15 −1.3 0.17 0.10 – –

OPC-L
1 258 443 1.5 6.3 0.37 0.21 589 13.7 0.18 −1.31 0.17 0.10 0.19 0.27
7 244 497 1.8 12.8 0.31 0.25 653 13.7 0.22 −1.12 0.28 0.18 0.24 0.36
28 258 515 0.9 17.1 0.29 0.23 631 13.7 0.12 −1.21 0.17 0.07 0.15 0.18
90 274 537 1.2 25.1 0.30 0.21 631 13.7 0.16 −1.09 0.23 0.12 0.17 0.22
140 279 532 1.2 27.6 0.29 0.31 677 13.7 0.17 −1.05 0.28 0.16 0.21 0.30

OPC-FA
1 223 310 2.0 1.2 0.22 0.16 459 13.6 0.19 −1.51 0.10 0.07 – –

7 223 303 1.6 1.3 0.16 0.13 493 13.6 0.15 −1.54 0.05 0.02 – –

28 228 271 1.2 1.6 0.26 0.10 459 13.6 0.09 −1.55 0.00 −0.05 – –

90 165 241 0.5 2.6 0.48 0.15 368 13.5 −0.08 −1.59 −0.08 −0.14 – –

140 151 227 0.7 2.6 0.53 0.27 303 13.4 −0.07 −1.53 −0.01 −0.07 – –

OPC-FA-L
1 158 313 2.2 1.7 0.21 0.14 442 13.5 0.18 −1.38 0.15 0.09 0.19 0.28
7 184 336 1.9 4.1 0.17 0.13 475 13.6 0.17 −1.25 0.19 0.10 0.18 0.24
28 193 297 1.2 5.9 0.28 0.16 426 13.5 0.08 −1.27 0.14 0.04 0.12 0.12
90 176 251 0.7 7.2 0.45 0.16 368 13.5 −0.04 −1.32 0.06 −0.06 0.04 −0.06
140 151 235 0.6 6.5 0.42 0.22 278 13.3 −0.07 −1.34 0.06 −0.05 0.05 −0.06
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portlandite, gypsum, ettringite, monosulphate, monocarbonate and
hemicarbonate at 1, 7, 28, 90 and 140 days are given in Table 8.
Gypsum is under-saturated for all tested combinations. After 28 days
and longer portlandite is under-saturated in the fly ash containing
blends, due to its consumption by the pozzolanic reaction of the fly
ash. This under-saturation is consistent with the slow dissolution of
portlandite in the FA containing samples as observed by TGA and XRD
(Fig. 4 and Table 7). Ettringite is over-saturated at all times for the
OPC, OPC-L and OPC-FA-L samples. Ettringite is under-saturated in the
OPC-FA (without limestone) after more than 28 days indicating that
ettringite slowly dissolves in this blend. Generally, the effective SI of
ettringite is higher in the limestone containing samples. Monosul-
phate is near saturation for all blends. Mono- and hemicarbonate are
near saturation for both limestone containing combinations (except
for hemicarbonate for the OPC-FA-L blend at 90 and 140 days).

The pore solution analysis indicates the presence of ettringite and
AFm phases as well as the consumption of portlandite in the FA
containing blends due to the pozzolanic reaction with the fly ash.

4.3.4. Porosity
The porosity of the cement paste has been found to be lower when a

small amount of limestone powder is added to OPC [50]. Relative to the
aluminate content, ettringite (C6AS3H32) is more voluminous than
monosulphate (C4ASH12): 707 cm3/mol versus 309 cm3/mol at 25 °C
[33]. As limestone powder stabilizes the ettringite and prevents the
transformation to monosulphate, the total volume of hydration
products relative to the OPC content will increase. This volume increase
of the hydration products might lead to a reduction in porosity that
more than compensates the replacement of OPC by limestone powder.

Fig. 9. EDX and TGA analysis of respectively 140 and 180 day old paste samples indicating changes in the composition of the AFm phases.

Table 8
Composition pore solution and effective saturation indices for calcium hydroxide (CH), gypsum, ettringite (Ett), monosulphate (Ms), monocarbonate (Mc) and hemicarbonate (Hc).

Time Concentration in pore solution [mmol/l] Effective saturation index
[days]

Na K Ca S Si Al OH− pH CH Gypsum Ett Ms Mc Hc

OPC
1 131 315 1.1 4.2 0.43 0.22 653 13.7 0.05 −1.35 0.11 0.03 – –

7 196 417 1.5 6.3 0.37 0.17 699 13.8 0.16 −1.27 0.17 0.09 – –

28 244 495 1.0 9.3 0.33 0.17 675 13.7 0.14 −1.31 0.13 0.05 – –

90 274 534 1.4 10.9 0.34 0.23 699 13.8 0.20 −1.23 0.20 0.12 – –

140 302 565 1.0 13.0 0.30 0.33 627 13.7 0.15 −1.3 0.17 0.10 – –

OPC-L
1 258 443 1.5 6.3 0.37 0.21 589 13.7 0.18 −1.31 0.17 0.10 0.19 0.27
7 244 497 1.8 12.8 0.31 0.25 653 13.7 0.22 −1.12 0.28 0.18 0.24 0.36
28 258 515 0.9 17.1 0.29 0.23 631 13.7 0.12 −1.21 0.17 0.07 0.15 0.18
90 274 537 1.2 25.1 0.30 0.21 631 13.7 0.16 −1.09 0.23 0.12 0.17 0.22
140 279 532 1.2 27.6 0.29 0.31 677 13.7 0.17 −1.05 0.28 0.16 0.21 0.30

OPC-FA
1 223 310 2.0 1.2 0.22 0.16 459 13.6 0.19 −1.51 0.10 0.07 – –

7 223 303 1.6 1.3 0.16 0.13 493 13.6 0.15 −1.54 0.05 0.02 – –

28 228 271 1.2 1.6 0.26 0.10 459 13.6 0.09 −1.55 0.00 −0.05 – –

90 165 241 0.5 2.6 0.48 0.15 368 13.5 −0.08 −1.59 −0.08 −0.14 – –

140 151 227 0.7 2.6 0.53 0.27 303 13.4 −0.07 −1.53 −0.01 −0.07 – –

OPC-FA-L
1 158 313 2.2 1.7 0.21 0.14 442 13.5 0.18 −1.38 0.15 0.09 0.19 0.28
7 184 336 1.9 4.1 0.17 0.13 475 13.6 0.17 −1.25 0.19 0.10 0.18 0.24
28 193 297 1.2 5.9 0.28 0.16 426 13.5 0.08 −1.27 0.14 0.04 0.12 0.12
90 176 251 0.7 7.2 0.45 0.16 368 13.5 −0.04 −1.32 0.06 −0.06 0.04 −0.06
140 151 235 0.6 6.5 0.42 0.22 278 13.3 −0.07 −1.34 0.06 −0.05 0.05 −0.06
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monosulphate (C4ASH12): 707 cm3/mol versus 309 cm3/mol at 25 °C
[33]. As limestone powder stabilizes the ettringite and prevents the
transformation to monosulphate, the total volume of hydration
products relative to the OPC content will increase. This volume increase
of the hydration products might lead to a reduction in porosity that
more than compensates the replacement of OPC by limestone powder.
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Image analysis (IA) of backscattered electron (BSE) images taken
by a scanning electron microscope (SEM) is used to study the changes
of the coarse porosity (Fig. 11). Based on the magnification applied,
only coarser pores N0.17 μm are included. In the case of OPC and
OPC-L the porosity reduces up to 28 days after which it stays
approximately constant, indicating that most of the OPC has reacted
within the first 28 days. The initial coarse porosity in the OPC-FA and
OPC-FA-L blend is higher and decreases more slowly up to 90 days to
values slightly lower than observed for the OPC samples. The coarse
porosity does not change significantly between the 90 and 140 days in
the FA blended systems.

The relationship between compressive strength and coarse
porosity for all tested mixes is presented in Fig. 12 indicating a clear
negative correlation between porosity and compressive strength. This
suggests that the coarse porosity dominates the compressive strength,
independent of the mix designs, which is in agreement with the
previous observations [51]. The presence of limestone or FA does not
alter the relation between coarse porosity and compressive strength.

4.4. Thermodynamic modelling

4.4.1. Hydrate assemblage
The changes in the hydrate assemblage were calculated based on

the observed dissolution of the anhydrous phases. The dissolution of
the clinker phases was mathematically described using the Parrot and
Killoh equations [52]. The parameters of the equations were adapted
to fit the XRD-Rietveld results. The fly ash reaction was expressed
using a function fitted to the data obtained in a previous study [26]
shown in Fig. 7. Hence, the composition of the hydrate assemblage

was predicted based on the degree of reaction of the OPC and the fly
ash as a function of the time assuming thermodynamic equilibrium at
each stage of the hydration. Some assumptionswere introducedwhile
modelling:

• The glassy phase of the fly ash was assumed to dissolve uniformly.
• In the model the formation of monocarbonate was predicted, while
by XRD the formation of hemicarbonate instead of monocarbonate
was observed at early hydration times (Fig. 8). It is unclear whether
the formation of moncarbonate is slower than the formation of
hemicarbonate or whether the dissolution of the limestone powder
is too slow.

• The EDX results show that the Al-incorporation and the Ca/Si ratio
of the C–S–H changes over time for the fly ash containing cements as
mentioned before. However, the composition of the C–S–H is kept
constant over time. For C–S–H in OPC-FA and OPC-FA-L an Al/Si ratio
of 0.13 was used.

The predicted hydrates include C–S–H, CH, AFt and AFm phases
including a small amount of hydrotalcite-like phases as shown in
Fig. 13. When comparing OPC and OPC-FA with their limestone
containing equivalents, the presence of limestone leads to the
formation of monocarbonate thus indirectly stabilising ettringite. In
the absence of limestone the formation of monosulphate is predicted
and a reduction of the amount of ettringite with time (Fig. 13). In the
OPC-FA in addition the formation of hydrogarnet is predicted after
longer hydration times. Qualitatively these results agree well with
experimental results shown in Fig. 8.

In the OPC-FA and OPC-FA-L blends a considerable part of the OPC
is replaced by fly ash. OPC reacts faster than the fly ash (Fig. 7), so

Fig. 11. Coarse porosity determined by SEM-IA (errorb2–3%) and modelled capillary porosity.

Fig. 10. SO3 concentration and the pH in the pore solution a function of time.
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to fit the XRD-Rietveld results. The fly ash reaction was expressed
using a function fitted to the data obtained in a previous study [26]
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by XRD the formation of hemicarbonate instead of monocarbonate
was observed at early hydration times (Fig. 8). It is unclear whether
the formation of moncarbonate is slower than the formation of
hemicarbonate or whether the dissolution of the limestone powder
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of the C–S–H changes over time for the fly ash containing cements as
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containing equivalents, the presence of limestone leads to the
formation of monocarbonate thus indirectly stabilising ettringite. In
the absence of limestone the formation of monosulphate is predicted
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OPC-FA in addition the formation of hydrogarnet is predicted after
longer hydration times. Qualitatively these results agree well with
experimental results shown in Fig. 8.
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of the coarse porosity (Fig. 11). Based on the magnification applied,
only coarser pores N0.17 μm are included. In the case of OPC and
OPC-L the porosity reduces up to 28 days after which it stays
approximately constant, indicating that most of the OPC has reacted
within the first 28 days. The initial coarse porosity in the OPC-FA and
OPC-FA-L blend is higher and decreases more slowly up to 90 days to
values slightly lower than observed for the OPC samples. The coarse
porosity does not change significantly between the 90 and 140 days in
the FA blended systems.

The relationship between compressive strength and coarse
porosity for all tested mixes is presented in Fig. 12 indicating a clear
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by XRD the formation of hemicarbonate instead of monocarbonate
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the formation of moncarbonate is slower than the formation of
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OPC-FA in addition the formation of hydrogarnet is predicted after
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of the coarse porosity (Fig. 11). Based on the magnification applied,
only coarser pores N0.17 μm are included. In the case of OPC and
OPC-L the porosity reduces up to 28 days after which it stays
approximately constant, indicating that most of the OPC has reacted
within the first 28 days. The initial coarse porosity in the OPC-FA and
OPC-FA-L blend is higher and decreases more slowly up to 90 days to
values slightly lower than observed for the OPC samples. The coarse
porosity does not change significantly between the 90 and 140 days in
the FA blended systems.
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the clinker phases was mathematically described using the Parrot and
Killoh equations [52]. The parameters of the equations were adapted
to fit the XRD-Rietveld results. The fly ash reaction was expressed
using a function fitted to the data obtained in a previous study [26]
shown in Fig. 7. Hence, the composition of the hydrate assemblage
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modelling:

• The glassy phase of the fly ash was assumed to dissolve uniformly.
• In the model the formation of monocarbonate was predicted, while
by XRD the formation of hemicarbonate instead of monocarbonate
was observed at early hydration times (Fig. 8). It is unclear whether
the formation of moncarbonate is slower than the formation of
hemicarbonate or whether the dissolution of the limestone powder
is too slow.

• The EDX results show that the Al-incorporation and the Ca/Si ratio
of the C–S–H changes over time for the fly ash containing cements as
mentioned before. However, the composition of the C–S–H is kept
constant over time. For C–S–H in OPC-FA and OPC-FA-L an Al/Si ratio
of 0.13 was used.

The predicted hydrates include C–S–H, CH, AFt and AFm phases
including a small amount of hydrotalcite-like phases as shown in
Fig. 13. When comparing OPC and OPC-FA with their limestone
containing equivalents, the presence of limestone leads to the
formation of monocarbonate thus indirectly stabilising ettringite. In
the absence of limestone the formation of monosulphate is predicted
and a reduction of the amount of ettringite with time (Fig. 13). In the
OPC-FA in addition the formation of hydrogarnet is predicted after
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initially fly ash acts as an adulterant for OPC. As the fly ash reacts over
time, it will introduce additional silicates and alumina to the system.
The silicates will react with the portlandite and form additional
C–S–H. The alumina will partly be incorporated in the C–S–H and
partly in AFm and AFt phases.

The total gypsum content is lower in OPC-FA and OPC-FA-L as
gypsum is part of the OPC. The additional alumina provided by the fly
ash will therefore lower the SO3-alumina ratio. Hence, relatively more

AFm than AFt phases are formed over time in the fly ash containing
blends (see Fig. 13). This amplifies the effect of the limestone powder
on the system as limestone interacts with the AFm phases, thereby
giving rise to a larger increase in solid volume.

The mass percentage of ettringite, amorphous hydrates and CH
determined by Rietveld analysis are compared with the predicted
ones (Fig. 14). In the case of OPC and OPC-L, the CH content was
overestimated by the model, most likely due to differences between
the real (Ca/Si=1.8) and the modelled (Ca/Si=1.6) C–S–H compo-
sition. The model slightly underestimates the CH content for OPC-FA
and OPC-FA-L at 28 and 90 days, as:

i) The C–S–H in the OPC-FA(-L) samples shows a lower Ca/Si of 1.4 than
the modelled C–S–H (Ca/Si=1.6). The C–S–H formed in the OPC-FA
(−L) blends shows a significant variation in the composition, low
Ca/Si C–S–H forms near the FA particles while in other places
portlandite is still present. In contrast to these experimental
observations, the modelled C–S–H has a constant Ca/Si ratio of 1.6 as
the model calculates only bulk properties. The presence of even small
quantities of portlandite leads to the stabilisation of high Ca/Si C–S–H.

ii) The dissolution of portlandite may proceed more slowly than the
reaction of the FA. The pore solution after 90 and 140 days is
undersaturated with respect to portlandite (Table 8), indicating
only a slow portlandite dissolution. Due to the inhomogeneous
distribution of the C–S–H and the portlandite in the cement
matrix, portlandite does persist in some parts of the microstruc-
ture while in other areas a low Ca/Si C–S–H is formed.

The amorphous content is slightly overestimated for all tested
combinations, mainly due to the difference between themodelled and

Fig. 13. The volume of the different phases as function of time in hydrating cement pastes modelled by GEMS.

Fig. 12. Relation between compressive strength (errorb2%) and coarse porosity
determined by SEM-IA (errorb2–3%).
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initially fly ash acts as an adulterant for OPC. As the fly ash reacts over
time, it will introduce additional silicates and alumina to the system.
The silicates will react with the portlandite and form additional
C–S–H. The alumina will partly be incorporated in the C–S–H and
partly in AFm and AFt phases.

The total gypsum content is lower in OPC-FA and OPC-FA-L as
gypsum is part of the OPC. The additional alumina provided by the fly
ash will therefore lower the SO3-alumina ratio. Hence, relatively more

AFm than AFt phases are formed over time in the fly ash containing
blends (see Fig. 13). This amplifies the effect of the limestone powder
on the system as limestone interacts with the AFm phases, thereby
giving rise to a larger increase in solid volume.

The mass percentage of ettringite, amorphous hydrates and CH
determined by Rietveld analysis are compared with the predicted
ones (Fig. 14). In the case of OPC and OPC-L, the CH content was
overestimated by the model, most likely due to differences between
the real (Ca/Si=1.8) and the modelled (Ca/Si=1.6) C–S–H compo-
sition. The model slightly underestimates the CH content for OPC-FA
and OPC-FA-L at 28 and 90 days, as:

i) The C–S–H in the OPC-FA(-L) samples shows a lower Ca/Si of 1.4 than
the modelled C–S–H (Ca/Si=1.6). The C–S–H formed in the OPC-FA
(−L) blends shows a significant variation in the composition, low
Ca/Si C–S–H forms near the FA particles while in other places
portlandite is still present. In contrast to these experimental
observations, the modelled C–S–H has a constant Ca/Si ratio of 1.6 as
the model calculates only bulk properties. The presence of even small
quantities of portlandite leads to the stabilisation of high Ca/Si C–S–H.

ii) The dissolution of portlandite may proceed more slowly than the
reaction of the FA. The pore solution after 90 and 140 days is
undersaturated with respect to portlandite (Table 8), indicating
only a slow portlandite dissolution. Due to the inhomogeneous
distribution of the C–S–H and the portlandite in the cement
matrix, portlandite does persist in some parts of the microstruc-
ture while in other areas a low Ca/Si C–S–H is formed.

The amorphous content is slightly overestimated for all tested
combinations, mainly due to the difference between themodelled and

Fig. 13. The volume of the different phases as function of time in hydrating cement pastes modelled by GEMS.

Fig. 12. Relation between compressive strength (errorb2%) and coarse porosity
determined by SEM-IA (errorb2–3%).
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real C–S–H. The difference is larger for the fly ash containing blends as
their C–S–H deviates even more from the one used in the modelled.

Ettringite is predicted to disappear in both theOPC andOPC-FA blend
during the first few days of hydration, however ettringite was observed
up to 140 days (Fig. 14); instead traces of hydrogarnetwere observed by
XRD in the pastes older than 28 days. The persistence of ettringite in the
experiments is most likely due to slow kinetics of the decomposition of
ettringite to monosulphate and differences in local equilibria. The
similar solubility of ettringite and monosulphate in cement systems, as
visible in the similar effective saturation index (SI) ofmonosulphate and
ettringite (Table 8), confirms the observed slow kinetics.

For the limestone containing blends, OPC-L and OPC-FA-L, the
ettringite content is well predicted (Fig. 14). The model predicts only
the formation of monocarbonate after 2 to 3 days (Fig. 13) whereas by
XRD hemicarbonate was also observed (Fig. 8). This may be attributed
to the slow dissolution kinetics of the limestone powder or to the
slower formation of monocarbonate than of hemicarbonate.

4.4.2. Chemical shrinkage and porosity
Based on the predicted volume of unhydrated cement and the

hydration products (Fig. 13), the chemical shrinkage (CSt) and the
total porosity (Pt) can be calculated (see Figs. 6 and 11).

CSt = VOPC+FA+L; t=0 + Vsolution; t=0
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CSt is expressed in cm3 or ml per g OPC, with VOPC+FA+L,t=0 is the
initial volume of dry material and Vsolution, t=0 the initial amount of water
added to the system. VOPC+FA+L,t is the remaining volume of anhydrous
material at time t, Vsolution, t the remaining solution and Vhydrate, t the
volume of hydrates formed. The total porosity Pt is expressed as a% of the
total volumewhich is assumed to remain constant over time; shrinkage of
the sample is not taken into account. The porosity corresponds roughly to
thesumof thecapillarypores, therebynot includingcracksorair voids [33].

The changes in hydration products result in a difference in
chemical shrinkage (Fig. 6). The chemical shrinkage (CS) relative to
the OPC content tends to increase when limestone is present. This can
be attributed to the fact that more free water is bound in ettringite.
The modelled chemical shrinkage shows similar trends as the
experimental data (Fig. 6), however the observed effect is somewhat
smaller than the modelled one. The modelled porosity as a function of
hydration time (Fig. 11) indicates that the effect of limestone powder
on OPC-FA cement is larger than on OPC cement, which is in line with
previous observations. Note that the coarse porosity as measured by
SEM-IA represents only a fraction of the capillary porosity.

5. Conclusions

Five percent of limestone powder can have a beneficial effect on
the compressive strength of OPC [13]. This study confirms this and

Fig. 14. Comparing XRD-Rietveld (data points) with results calculated by thermodynamic modelling (solid lines) in wt.%, for details see text. Amorphous includes different hydrates
(C–S–H, AFm or hydrotalcite-like phases) and the amorphous fly ash.
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shows that the effect is even more pronounced for the inclusion of 5%
limestone powder in fly ash blended cements. The beneficial effect of
the limestone powder cannot be solely attributed to a physical effect
due to the presence of 5% limestone (additional nucleation sites and
higher effective water to cement ratio), as after longer hydration
times, no significant differences in the amount of clinker or fly ash
reacted were observed between limestone containing and limestone
free blends. Additionally, the presence of 5% limestone increases
relative to blends containing the same amount of crystalline quartz
powder, the amount of bound water and the compressive strength.

The effect of limestone powder on the hydration of OPC and OPC-FA
systems tested in this study, therefore, appears to be mainly due to its
interaction with the hydration products formed. At 1 day the hydrates
formed are similar for all tested combinations: C–S–H, portlandite,
ettringite. But after more than 1 day, when the reaction of the clinkers
continueswhile the gypsum has been depleted, the kind and amount of
AFm and AFt phases start to differ between the limestone containing
and limestone-free OPC and OPC-FA blends. In the absence of limestone
powder, ettringite decomposes to monosulphate. However, in the
presence of calcium carbonate, the main constituent of limestone
powder, the decomposition of ettringite to monosulphate is prevented
as monosulphate is rendered unstable and instead calcium mono- or
hemicarboaluminate are formed as observed experimentally and
predicted by the thermodynamic modelling. The changes in AFm
phases are reflected in the sulphur concentrations of pore solution. This
effect iswell known for OPC, however, this study proofs that the effect is
more pronounced for the fly ash blended cement due to a lower
SO3/Al2O3 ratio caused by replacing part of theOPCwithfly ashwhich as
it reacts introduces additional alumina to the system. As predicted by
the thermodynamic modelling, the XRD patterns show a larger amount
of AFm and AFt phases when fly ash is present. However, aluminates
liberated by fly ash do not go only into AFm and AFt phases as part of it
is also incorporated in the C–S–H gel as observed by the increase of the
Al/Si ratio of the C–S–H.

The stabilisation of ettringite, when limestone is present, leads to
an increase in the volume of hydration products, as can be deduced
from the chemical shrinkage results, to a decrease in porosity and thus
to an increase in compressive strength. While a clear increase in
strength was observed, the experimental determination of the
porosity of the cement paste did not show a clear difference between
the blends with and without limestone powder, due the relatively
large error associated with the measurements.
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shows that the effect is even more pronounced for the inclusion of 5%
limestone powder in fly ash blended cements. The beneficial effect of
the limestone powder cannot be solely attributed to a physical effect
due to the presence of 5% limestone (additional nucleation sites and
higher effective water to cement ratio), as after longer hydration
times, no significant differences in the amount of clinker or fly ash
reacted were observed between limestone containing and limestone
free blends. Additionally, the presence of 5% limestone increases
relative to blends containing the same amount of crystalline quartz
powder, the amount of bound water and the compressive strength.

The effect of limestone powder on the hydration of OPC and OPC-FA
systems tested in this study, therefore, appears to be mainly due to its
interaction with the hydration products formed. At 1 day the hydrates
formed are similar for all tested combinations: C–S–H, portlandite,
ettringite. But after more than 1 day, when the reaction of the clinkers
continueswhile the gypsum has been depleted, the kind and amount of
AFm and AFt phases start to differ between the limestone containing
and limestone-free OPC and OPC-FA blends. In the absence of limestone
powder, ettringite decomposes to monosulphate. However, in the
presence of calcium carbonate, the main constituent of limestone
powder, the decomposition of ettringite to monosulphate is prevented
as monosulphate is rendered unstable and instead calcium mono- or
hemicarboaluminate are formed as observed experimentally and
predicted by the thermodynamic modelling. The changes in AFm
phases are reflected in the sulphur concentrations of pore solution. This
effect iswell known for OPC, however, this study proofs that the effect is
more pronounced for the fly ash blended cement due to a lower
SO3/Al2O3 ratio caused by replacing part of theOPCwithfly ashwhich as
it reacts introduces additional alumina to the system. As predicted by
the thermodynamic modelling, the XRD patterns show a larger amount
of AFm and AFt phases when fly ash is present. However, aluminates
liberated by fly ash do not go only into AFm and AFt phases as part of it
is also incorporated in the C–S–H gel as observed by the increase of the
Al/Si ratio of the C–S–H.

The stabilisation of ettringite, when limestone is present, leads to
an increase in the volume of hydration products, as can be deduced
from the chemical shrinkage results, to a decrease in porosity and thus
to an increase in compressive strength. While a clear increase in
strength was observed, the experimental determination of the
porosity of the cement paste did not show a clear difference between
the blends with and without limestone powder, due the relatively
large error associated with the measurements.
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shows that the effect is even more pronounced for the inclusion of 5%
limestone powder in fly ash blended cements. The beneficial effect of
the limestone powder cannot be solely attributed to a physical effect
due to the presence of 5% limestone (additional nucleation sites and
higher effective water to cement ratio), as after longer hydration
times, no significant differences in the amount of clinker or fly ash
reacted were observed between limestone containing and limestone
free blends. Additionally, the presence of 5% limestone increases
relative to blends containing the same amount of crystalline quartz
powder, the amount of bound water and the compressive strength.

The effect of limestone powder on the hydration of OPC and OPC-FA
systems tested in this study, therefore, appears to be mainly due to its
interaction with the hydration products formed. At 1 day the hydrates
formed are similar for all tested combinations: C–S–H, portlandite,
ettringite. But after more than 1 day, when the reaction of the clinkers
continueswhile the gypsum has been depleted, the kind and amount of
AFm and AFt phases start to differ between the limestone containing
and limestone-free OPC and OPC-FA blends. In the absence of limestone
powder, ettringite decomposes to monosulphate. However, in the
presence of calcium carbonate, the main constituent of limestone
powder, the decomposition of ettringite to monosulphate is prevented
as monosulphate is rendered unstable and instead calcium mono- or
hemicarboaluminate are formed as observed experimentally and
predicted by the thermodynamic modelling. The changes in AFm
phases are reflected in the sulphur concentrations of pore solution. This
effect iswell known for OPC, however, this study proofs that the effect is
more pronounced for the fly ash blended cement due to a lower
SO3/Al2O3 ratio caused by replacing part of theOPCwithfly ashwhich as
it reacts introduces additional alumina to the system. As predicted by
the thermodynamic modelling, the XRD patterns show a larger amount
of AFm and AFt phases when fly ash is present. However, aluminates
liberated by fly ash do not go only into AFm and AFt phases as part of it
is also incorporated in the C–S–H gel as observed by the increase of the
Al/Si ratio of the C–S–H.

The stabilisation of ettringite, when limestone is present, leads to
an increase in the volume of hydration products, as can be deduced
from the chemical shrinkage results, to a decrease in porosity and thus
to an increase in compressive strength. While a clear increase in
strength was observed, the experimental determination of the
porosity of the cement paste did not show a clear difference between
the blends with and without limestone powder, due the relatively
large error associated with the measurements.
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shows that the effect is even more pronounced for the inclusion of 5%
limestone powder in fly ash blended cements. The beneficial effect of
the limestone powder cannot be solely attributed to a physical effect
due to the presence of 5% limestone (additional nucleation sites and
higher effective water to cement ratio), as after longer hydration
times, no significant differences in the amount of clinker or fly ash
reacted were observed between limestone containing and limestone
free blends. Additionally, the presence of 5% limestone increases
relative to blends containing the same amount of crystalline quartz
powder, the amount of bound water and the compressive strength.

The effect of limestone powder on the hydration of OPC and OPC-FA
systems tested in this study, therefore, appears to be mainly due to its
interaction with the hydration products formed. At 1 day the hydrates
formed are similar for all tested combinations: C–S–H, portlandite,
ettringite. But after more than 1 day, when the reaction of the clinkers
continueswhile the gypsum has been depleted, the kind and amount of
AFm and AFt phases start to differ between the limestone containing
and limestone-free OPC and OPC-FA blends. In the absence of limestone
powder, ettringite decomposes to monosulphate. However, in the
presence of calcium carbonate, the main constituent of limestone
powder, the decomposition of ettringite to monosulphate is prevented
as monosulphate is rendered unstable and instead calcium mono- or
hemicarboaluminate are formed as observed experimentally and
predicted by the thermodynamic modelling. The changes in AFm
phases are reflected in the sulphur concentrations of pore solution. This
effect iswell known for OPC, however, this study proofs that the effect is
more pronounced for the fly ash blended cement due to a lower
SO3/Al2O3 ratio caused by replacing part of theOPCwithfly ashwhich as
it reacts introduces additional alumina to the system. As predicted by
the thermodynamic modelling, the XRD patterns show a larger amount
of AFm and AFt phases when fly ash is present. However, aluminates
liberated by fly ash do not go only into AFm and AFt phases as part of it
is also incorporated in the C–S–H gel as observed by the increase of the
Al/Si ratio of the C–S–H.

The stabilisation of ettringite, when limestone is present, leads to
an increase in the volume of hydration products, as can be deduced
from the chemical shrinkage results, to a decrease in porosity and thus
to an increase in compressive strength. While a clear increase in
strength was observed, the experimental determination of the
porosity of the cement paste did not show a clear difference between
the blends with and without limestone powder, due the relatively
large error associated with the measurements.
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Abstract 
Limestone powder additions influence the hydration products in an OPC system. The calcium carbonate present in the 
limestone powder interacts with the calcium aluminate hydrates (AFm), forming calcium monocarboaluminate hydrate 
instead of calcium monosulphoaluminate hydrate, thereby stabilizing the ettringite (AFt) and increasing the amount of 
bound water. This could in turn lead to lower porosity and subsequently higher strength. 

The idea was that the effect of limestone powder might be more pronounced in fly ash blended cement than in OPC. 
This would be due to the higher amount of calcium aluminate hydrates generated in the fly ash containing system, 
compared to the limited amounts generated by OPC. 

A systematic study of several mixes containing different combination of ASTM class F fly ash and limestone powder, 
replacing 35% percent of the OPC has been carried out. The aim was to relate microstructural properties such as the 
degree of reaction, nature of hydration phases and capillary porosity to compressive strength.  

In order to understand the effect of limestone powder in this system, X-ray diffraction (XRD), thermogravimetric 
analysis (TGA) and quantitative microstructural analysis were performed on paste samples using scanning electron 
microscopy (SEM) with image analysis (IA). These experimental results were then compared with the output of a 
thermodynamic model. The model predicts the hydration assemblage at equilibrium for a given composition of raw 
materials. The results of the model can be used to investigate the sensitivity of the system for certain parameters e.g. the 
degree of hydration of the FA, the limestone or gypsum content. 

The compressive strength results showed a strength decrease when OPC is replaced with limestone powder alone, 
whereas a strength increase occurred when 5% of fly ash was replaced with limestone powder. The increase in 
compressive strength appears to correspond to the changes in the AFm and AFt hydration phases and the subsequent 
increase in total volume of hydration products. The effect of limestone powder additions was greater in the case of the 
fly ash blended cement than for the OPC and the effect increases with increasing degree of reaction of the fly ash. Thus 
the initial hypothesis was confirmed. 

Originality 
In this study a multi method approach, including compressive strength, quantitative and qualitative microstructural 
analysis and thermodynamic modeling was used to investigate the system OPC - fly ash - limestone powder.  

The thermodynamic model is used to understand and illustrate the effect of limestone powder on the composition of the 
hydration products. It enables us to interpolate between certain combinations, investigate the sensibility of the system 
for certain parameters. 

Chief contributions 
It is known that 5-10% of an OPC can be replaced by limestone powder without altering the macro-properties to a 
great extend. Whether this is also valid for fly ash blended cements is investigated in this study. 
A combination of techniques was applied to understanding the interaction between the different components in the OPC 
- fly ash - limestone powder system.  
The use of the thermodynamic model for the prediction of the composition of hydration products for composite cements 
was investigated and discussed. 

Keywords: limestone, fly ash, modeling 
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The idea was that the effect of limestone powder might be more pronounced in fly ash blended cement than in OPC. 
This would be due to the higher amount of calcium aluminate hydrates generated in the fly ash containing system, 
compared to the limited amounts generated by OPC. 

A systematic study of several mixes containing different combination of ASTM class F fly ash and limestone powder, 
replacing 35% percent of the OPC has been carried out. The aim was to relate microstructural properties such as the 
degree of reaction, nature of hydration phases and capillary porosity to compressive strength.  

In order to understand the effect of limestone powder in this system, X-ray diffraction (XRD), thermogravimetric 
analysis (TGA) and quantitative microstructural analysis were performed on paste samples using scanning electron 
microscopy (SEM) with image analysis (IA). These experimental results were then compared with the output of a 
thermodynamic model. The model predicts the hydration assemblage at equilibrium for a given composition of raw 
materials. The results of the model can be used to investigate the sensitivity of the system for certain parameters e.g. the 
degree of hydration of the FA, the limestone or gypsum content. 

The compressive strength results showed a strength decrease when OPC is replaced with limestone powder alone, 
whereas a strength increase occurred when 5% of fly ash was replaced with limestone powder. The increase in 
compressive strength appears to correspond to the changes in the AFm and AFt hydration phases and the subsequent 
increase in total volume of hydration products. The effect of limestone powder additions was greater in the case of the 
fly ash blended cement than for the OPC and the effect increases with increasing degree of reaction of the fly ash. Thus 
the initial hypothesis was confirmed. 

Originality 
In this study a multi method approach, including compressive strength, quantitative and qualitative microstructural 
analysis and thermodynamic modeling was used to investigate the system OPC - fly ash - limestone powder.  

The thermodynamic model is used to understand and illustrate the effect of limestone powder on the composition of the 
hydration products. It enables us to interpolate between certain combinations, investigate the sensibility of the system 
for certain parameters. 

Chief contributions 
It is known that 5-10% of an OPC can be replaced by limestone powder without altering the macro-properties to a 
great extend. Whether this is also valid for fly ash blended cements is investigated in this study. 
A combination of techniques was applied to understanding the interaction between the different components in the OPC 
- fly ash - limestone powder system.  
The use of the thermodynamic model for the prediction of the composition of hydration products for composite cements 
was investigated and discussed. 

Keywords: limestone, fly ash, modeling 
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Introduction
 
The effect of limestone powder on the hydration of ordinary Portland cement (OPC) or specific clinker 
phases has been studied thoroughly (Soroka et al. 1976; Kuzel et al. 1991; Bonavetti et al. 2001; 
Matschei et al. 2007; Lothenbach et al. 2008). The aim of this study is to investigate the impact of 
limestone powder on the hydration of fly ash blended cements.  
The effect on the compressive strength of gradual replacement of OPC with limestone powder (up to 
35%) and the replacement of fly ash by limestone powder in fly ash blended cement (fixed OPC 
content of 65%) has been evaluated. Additional tests have been performed on four combinations of 
interest: 100%OPC (OPC), 95%OPC+5%L (OPC-L), 65%OPC+35%FA (OPC-FA) and 
65%OPC+30%FA+5%L (OPC-FA-L).  
 
 
Materials
 
The materials used in this study are: ordinary Portland clinker, a class F siliceous fly ash (FA), 
limestone powder (L), and natural gypsum. The chemical composition determined by XRF and the 
physical properties of the clinker, fly ash, and limestone are given in Table 1. The clinker was 
interground with 3.7% of natural gypsum and is further referred to as ordinary Portland cement (OPC). 
The gypsum used contains 0.18% free water, and has a CaSO4·2H2O content of 91.4%. The CaCO3 
content of the limestone, determined by thermogravimetric analysis (TGA), is about 81%.  
 

Table 1: Chemical composition and the physical characteristics of the clinker, fly ash and limestone powder 
 Clinker Fly ash Limestone 
SiO2 20.0 50.0 12.9 
Al2O3 5.4 23.9 2.7 
Fe2O3 3.1 6.0 2.0 
CaO 60.6 6.3 42.3 
MgO 2.9 2.1 1.8 
SO3 1.5 0.4 - 
P2O5 0.1 1.1 - 
K2O 1.2 1.4 0.6 
Na2O 0.5 0.6 0.5 
LOI 0.3 3.6 37.7 
Carbon - 3.1 - 
Chloride  0.05 0.0 - 
Free CaO 1.85 - - 
Gypsum 3.7 - - 
Blaine surface [m2/kg] 450* 450 810 
Density [kg/m3] 3150* 2490 2740 
d50 [μm] 11* 14 4 

* For OPC = clinker + gypsum 
 
 
Methods

The compressive strength was tested on three mortar prisms (40×40×160 mm) prepared with a water-
to-binder weight ratio of 0.50 and binder-to-sand weight ratio of 1:3. The samples were cured at 20ºC, 
in a saturated Ca(OH)2 solution.  
 
Paste samples of 4 mixes: OPC, OPC-L, OPC-FA and OPC-FA-L were prepared with a water-to-
binder ratio of 0.50. The pastes were stored under sealed conditions at 20ºC. At the age of testing the 
samples were crushed and the hydration was stopped by solvent exchange using isopropanol and ether. 
The resulting powders were examined by thermogravimetric analysis (TGA) using a Mettler Toledo 
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TGA/SDTA851 and by X-ray diffraction (XRD), using a PANalytical X’Pert Pro MPD diffractometer 
in a -2  configuration with an incident beam monochromator and CuK  radiation ( =1.54Å).  
 
A piece of the hydrated paste was impregnated using low viscosity epoxy resin, polished down to ¼ 
μm, coated with carbon (few nm) and examined using a Philips ESEM FEG XL 30 scanning electron 
microscopy (SEM). Backscattered electron images (BSE) were analysed quantitatively using image 
analysis (IA) to determine the coarse porosity and the degree of reaction of OPC and fly ash as 
described in previous study (Ben Haha et al. 2010).  

The hydration of the tested cements was modelled using the Gibbs free energy minimization program, 
GEMS (Kulik 2010). The thermodynamic data from the PSI-GEMS database (Hummel et al. 2002; 
Thoenen et al. 2003) was supplemented with cement specific data (Lothenbach et al. 2006; Matschei 
et al. 2007; Lothenbach et al. 2008). GEMS computes the equilibrium phase assemblage in a multi-
component system based on the bulk composition of the materials. The aluminium uptake in the C-S-
H used for the calculation was based on energy dispersive X-ray spectroscopy (EDX) results which 
are presented in (De Weerdt et al. 2010). 
 
 
Results
 
1. Compressive strength  
 
Replacing part of the OPC with limestone powder results in a decrease in compressive strength (see 
Figure 1), whereas, up to 10% of the fly ash can be replaced by limestone powder in the blended 
systems without impairing the strength. The beneficial effect of limestone powder on the compressive 
strength of the fly ash blended cements is most prominent at small dosages of limestone powder. 
Therefore additional tests were performed in an attempt to explain this phenomenon on 4 mixes as 
mentioned in the introduction.  

   
Figure 1: Compressive strength of mortar prisms in which OPC is replaced by limestone and in which fly ash is 

replaced by limestone after 1, 28, 90 and 140 days (De Weerdt et al. 2010). 

 
2. Degree of hydration  
 
One possible explanation for the beneficial effect of limestone powder might be the promotion of 
either the hydration of OPC or the reaction of fly ash. However, Figure 2 indicates that this limestone 
powder does not affect either of them significantly. 
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Figure 2: % OPC and % FA reacted using SEM-IA (Ben Haha et al. 2010; De Weerdt et al. 2010). 
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4. Porosity 
 
One of the major parameters influencing the strength of mortar or hardened cement paste is its 
porosity. The limestone powder does not appear to influence significantly the coarse porosity (> 
0.17μm) determined by image analysis of BSE images (see Figure 4). This might be due to fact that 
limestone powder affects smaller pores not measured by this technique, or that the effect of the 
limestone powder is within the error of the measurement. Replacing part of OPC with fly ash, on the 
other hand, results in an increased coarse porosity up to 90 days. This is attributed to the slow reaction 
of the fly ash which steadily fills up the porosity of the matrix. 

 
Figure 4: The coarse porosity determined by image analysis of backscattering images. 
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The reason for this slightly higher effect of limestone powder on the fly ash blended cements is due to 
the additional aluminates provided by the dissolution of the fly ash, leading to a decrease in the 
SO3/Al2O3 ratio and a subsequent decrease in the AFt/AFm ratio. The impact of the limestone powder 
is thus enhanced as it is able to convert relatively to the aluminates content more monosulphate to 
ettringite and more hemi- to monocarboaluminate.  
 

 
Figure 5: Right: (100-X)%OPC+X%L; Left: 65%OPC+(35-X)%FA+X%L both with OPC 100% reacted, FA 

30% reacted and the limestone which can react has reacted. 

By using the model, the effect of certain parameters can be predicted as shown in Figure 6. The effect 
of the limestone powder becomes greater as more fly ash has reacted (see Figure 6 left). At the same 
time the optimal level of limestone replacement increases with increasing percentage of fly ash 
reacted.  
In the previous modelling results, the calcium carbonate part of the limestone powder is assumed to be 
able to react fully. This may however not be the case in reality. The graph in the right of Figure 6 
shows that as more of the limestone powder reacts, the limestone content at which the maximum solid 
volume is obtained shifts to the left.  
 

    
Figure 6: The effect of limestone on cement containing 65%OPC+(35%-X%)FA+X%L with OPC 100% reacted 

Left: FA 0-30% reacted and L 100% reacted; Right: FA 30% reacted and L 10-80% reacted. 
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Figure 6: The effect of limestone on cement containing 65%OPC+(35%-X%)FA+X%L with OPC 100% reacted 

Left: FA 0-30% reacted and L 100% reacted; Right: FA 30% reacted and L 10-80% reacted. 
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Conclusions 
 
Limestone powder affects the hydration of OPC and fly ash cement by changing the hydrate 
assemblage. For minor limestone powder additions, an increase in total solid volume is predicted 
which on its turn might lead to a decrease in porosity and an increase in strength. However, the 
porosity measurements by image analysis do not show a significant difference in coarser porosity 
when limestone powder is included in the system.  
Limestone powder tends to have a larger impact on fly ash blended cements than on OPC. This is 
attributed to the additional aluminates supplied over time to the system by the reacting fly ash.  
The model applied in this study can be used to predict the impact of changes in the composition when 
studying similar systems.  
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Abstract

The aim of this study is to investigate the effect of temperature (5, 20 and 40°C) on the degree of
hydration, amount of bound water and calcium hydroxide, porosity and mechanical properties of pastes
and mortars prepared with fly ash limestone Portland composite cements. Increasing the curing
temperature for ordinary Portland cement leads to a more inhomogeneous distribution of hydration
products, resulting in an increased coarse porosity and therefore a lower compressive strength after 7 days
and longer. In contrast, the fly ash containing mortars showed higher compressive strength with increasing
curing temperature up to 90 days. The reaction of the fly ash is increased at 40°C and strongly retarded at
5°C. At 20 and 40°C, fly ash reduces the porosity at later ages. The replacement of 5% of the OPC or fly ash
by limestone powder did not impair the strength at 5 and 20�C, but lowered strength slightly at 40�C for the
fly ash blended cements. The porosity appears to be the dominating factor regarding the compressive
strength, independent of whether part of the OPC is replaced by fly ash and limestone powder or not.

Keywords: Blended cements; Temperature; Microstructure; Degree of reaction; Fly Ash; Limestone

1. Introduction

The effect of the curing temperature on the development of the microstructure, the hydrates assemblage
and the mechanical properties of hydrated OPC pastes and concrete has been a research area of interest
during the last decades [1 8]. Studies on ordinary Portland cement (OPC) showed that raising the
temperature results in an accelerated hydration during first couple of days [1, 2], thereby enhancing the
early strength development. However, at later ages, the strength tends to decrease with increasing curing
temperature [1, 2]. This temperature inversion effect, being initially beneficial for strength development
and after a while detrimental, has been related to the microstructural development of the cementitious
matrix [3 6]. Indeed, curing at elevated temperatures gives rise to a non uniform distribution of hydration
products. A dense rim of inner product is observed around the anhydrous cement grains and a more
porous outer product for pastes cured at 50�C, whereas a more homogenous microstructure had formed at
5�C. The dense inner product formed at higher temperatures resulted in a larger pore volume both
measured by mercury intrusion porosimetry (MIP) and image analysis (IA) of backscattered electron (BSE)
images [6, 8].
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temperature for ordinary Portland cement leads to a more inhomogeneous distribution of hydration
products, resulting in an increased coarse porosity and therefore a lower compressive strength after 7 days
and longer. In contrast, the fly ash containing mortars showed higher compressive strength with increasing
curing temperature up to 90 days. The reaction of the fly ash is increased at 40°C and strongly retarded at
5°C. At 20 and 40°C, fly ash reduces the porosity at later ages. The replacement of 5% of the OPC or fly ash
by limestone powder did not impair the strength at 5 and 20�C, but lowered strength slightly at 40�C for the
fly ash blended cements. The porosity appears to be the dominating factor regarding the compressive
strength, independent of whether part of the OPC is replaced by fly ash and limestone powder or not.
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1. Introduction

The effect of the curing temperature on the development of the microstructure, the hydrates assemblage
and the mechanical properties of hydrated OPC pastes and concrete has been a research area of interest
during the last decades [1 8]. Studies on ordinary Portland cement (OPC) showed that raising the
temperature results in an accelerated hydration during first couple of days [1, 2], thereby enhancing the
early strength development. However, at later ages, the strength tends to decrease with increasing curing
temperature [1, 2]. This temperature inversion effect, being initially beneficial for strength development
and after a while detrimental, has been related to the microstructural development of the cementitious
matrix [3 6]. Indeed, curing at elevated temperatures gives rise to a non uniform distribution of hydration
products. A dense rim of inner product is observed around the anhydrous cement grains and a more
porous outer product for pastes cured at 50�C, whereas a more homogenous microstructure had formed at
5�C. The dense inner product formed at higher temperatures resulted in a larger pore volume both
measured by mercury intrusion porosimetry (MIP) and image analysis (IA) of backscattered electron (BSE)
images [6, 8].
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Blended cements containing fly ash react differently on variations of the curing temperature [9 12]. The
pozzolanic reaction of the fly ash is accelerated by raising the curing temperature, however in a different
way than the OPC. The FA reaction is accelerated over longer time span, whereas, the acceleration of the
OPC mainly takes place during the first week of hydration.

The evaluation of the hydration of Portland composite cements containing both fly ash and limestone
powder cured at 20�C has been reported previously [13 16]. Replacing 5% of fly ash with 5% limestone
powder in a 65% OPC+35% FA cement resulted in enhanced mechanical properties. This is attributed to the
additional aluminates provided by the fly ash which amplify the beneficial effect of limestone powder
forming calcium carboaluminate hydrates [17].

This study focuses on the effect of the curing temperature on the hydration Portland composite cement
containing both fly ash and limestone powder. Samples were cured at 5, 20 and 40�C. Additionally, by
including the neat OPC in the experimental matrix, the influence of the pozzolanic reaction of the fly ash
and the effect of the limestone are examined at these different curing temperatures. A quantitative multi
method approach is adopted in this study using: thermogravimetric analysis (TGA), X ray diffraction (XRD)
combined with Rietveld analysis, and BSE IA.

2. Materials

The following materials were used: ordinary Portland clinker interground with 3.7% of natural gypsum
(referred to as OPC), class F siliceous fly ash (FA) and limestone powder (L). Their chemical composition,
together with the specific Blaine surface and the density are given in Table 1. Table 2 shows the mineral
composition of the OPC determined by Rietveld analysis. The fly ash has a glass content of 65%, and the
limestone powder contains 81% CaCO3.

The hydration of five different cements (see Table 3) at three different curing temperatures 5, 20 and 40�C
was monitored up to 180 days.

3. Methods

The compressive and flexural strength were tested on mortar prisms (40×40×160 mm) with cement – sand
– water proportions of 1 – 3 – 0.5. The ingredients were stored sealed at 5, 20 and 40�C for 24 hours prior
to mixing. For the first 24 hours after mixing the samples were stored in closed plastic bags, after
demoulding, curing continued submerged in Ca(OH)2 saturated solution at the respective temperatures.

Cement paste samples were prepared with water to binder ratio of 0.5 and stored in 20 ml sealed plastic
vessels cured at 5, 20 and 40�C. Prior to examination with thermogravimetric analysis and X ray diffraction,
part of the sample was crushed (< 63 m) and the hydration was stopped by solvent exchange using
isopropanol during 15 minutes and flushing with ether.

The amount of bound water (H) and calcium hydroxide (CH) are determined by thermogravimetric analysis
using a Mettler Toledo TGA/SDTA851 by measuring the weight loss of a 50 mg sample in the temperature
intervals 40 550�C for bound water and 450 550�C for CH. The exact boundaries for the temperature
interval of CH are adapted based on the derivative curve (DTG). The values are expressed as %wt. of the dry
sample at 550�C.

2

Blended cements containing fly ash react differently on variations of the curing temperature [9 12]. The
pozzolanic reaction of the fly ash is accelerated by raising the curing temperature, however in a different
way than the OPC. The FA reaction is accelerated over longer time span, whereas, the acceleration of the
OPC mainly takes place during the first week of hydration.

The evaluation of the hydration of Portland composite cements containing both fly ash and limestone
powder cured at 20�C has been reported previously [13 16]. Replacing 5% of fly ash with 5% limestone
powder in a 65% OPC+35% FA cement resulted in enhanced mechanical properties. This is attributed to the
additional aluminates provided by the fly ash which amplify the beneficial effect of limestone powder
forming calcium carboaluminate hydrates [17].

This study focuses on the effect of the curing temperature on the hydration Portland composite cement
containing both fly ash and limestone powder. Samples were cured at 5, 20 and 40�C. Additionally, by
including the neat OPC in the experimental matrix, the influence of the pozzolanic reaction of the fly ash
and the effect of the limestone are examined at these different curing temperatures. A quantitative multi
method approach is adopted in this study using: thermogravimetric analysis (TGA), X ray diffraction (XRD)
combined with Rietveld analysis, and BSE IA.

2. Materials

The following materials were used: ordinary Portland clinker interground with 3.7% of natural gypsum
(referred to as OPC), class F siliceous fly ash (FA) and limestone powder (L). Their chemical composition,
together with the specific Blaine surface and the density are given in Table 1. Table 2 shows the mineral
composition of the OPC determined by Rietveld analysis. The fly ash has a glass content of 65%, and the
limestone powder contains 81% CaCO3.

The hydration of five different cements (see Table 3) at three different curing temperatures 5, 20 and 40�C
was monitored up to 180 days.

3. Methods

The compressive and flexural strength were tested on mortar prisms (40×40×160 mm) with cement – sand
– water proportions of 1 – 3 – 0.5. The ingredients were stored sealed at 5, 20 and 40�C for 24 hours prior
to mixing. For the first 24 hours after mixing the samples were stored in closed plastic bags, after
demoulding, curing continued submerged in Ca(OH)2 saturated solution at the respective temperatures.

Cement paste samples were prepared with water to binder ratio of 0.5 and stored in 20 ml sealed plastic
vessels cured at 5, 20 and 40�C. Prior to examination with thermogravimetric analysis and X ray diffraction,
part of the sample was crushed (< 63 m) and the hydration was stopped by solvent exchange using
isopropanol during 15 minutes and flushing with ether.

The amount of bound water (H) and calcium hydroxide (CH) are determined by thermogravimetric analysis
using a Mettler Toledo TGA/SDTA851 by measuring the weight loss of a 50 mg sample in the temperature
intervals 40 550�C for bound water and 450 550�C for CH. The exact boundaries for the temperature
interval of CH are adapted based on the derivative curve (DTG). The values are expressed as %wt. of the dry
sample at 550�C.

2

Blended cements containing fly ash react differently on variations of the curing temperature [9 12]. The
pozzolanic reaction of the fly ash is accelerated by raising the curing temperature, however in a different
way than the OPC. The FA reaction is accelerated over longer time span, whereas, the acceleration of the
OPC mainly takes place during the first week of hydration.

The evaluation of the hydration of Portland composite cements containing both fly ash and limestone
powder cured at 20�C has been reported previously [13 16]. Replacing 5% of fly ash with 5% limestone
powder in a 65% OPC+35% FA cement resulted in enhanced mechanical properties. This is attributed to the
additional aluminates provided by the fly ash which amplify the beneficial effect of limestone powder
forming calcium carboaluminate hydrates [17].

This study focuses on the effect of the curing temperature on the hydration Portland composite cement
containing both fly ash and limestone powder. Samples were cured at 5, 20 and 40�C. Additionally, by
including the neat OPC in the experimental matrix, the influence of the pozzolanic reaction of the fly ash
and the effect of the limestone are examined at these different curing temperatures. A quantitative multi
method approach is adopted in this study using: thermogravimetric analysis (TGA), X ray diffraction (XRD)
combined with Rietveld analysis, and BSE IA.

2. Materials

The following materials were used: ordinary Portland clinker interground with 3.7% of natural gypsum
(referred to as OPC), class F siliceous fly ash (FA) and limestone powder (L). Their chemical composition,
together with the specific Blaine surface and the density are given in Table 1. Table 2 shows the mineral
composition of the OPC determined by Rietveld analysis. The fly ash has a glass content of 65%, and the
limestone powder contains 81% CaCO3.

The hydration of five different cements (see Table 3) at three different curing temperatures 5, 20 and 40�C
was monitored up to 180 days.

3. Methods

The compressive and flexural strength were tested on mortar prisms (40×40×160 mm) with cement – sand
– water proportions of 1 – 3 – 0.5. The ingredients were stored sealed at 5, 20 and 40�C for 24 hours prior
to mixing. For the first 24 hours after mixing the samples were stored in closed plastic bags, after
demoulding, curing continued submerged in Ca(OH)2 saturated solution at the respective temperatures.

Cement paste samples were prepared with water to binder ratio of 0.5 and stored in 20 ml sealed plastic
vessels cured at 5, 20 and 40�C. Prior to examination with thermogravimetric analysis and X ray diffraction,
part of the sample was crushed (< 63 m) and the hydration was stopped by solvent exchange using
isopropanol during 15 minutes and flushing with ether.

The amount of bound water (H) and calcium hydroxide (CH) are determined by thermogravimetric analysis
using a Mettler Toledo TGA/SDTA851 by measuring the weight loss of a 50 mg sample in the temperature
intervals 40 550�C for bound water and 450 550�C for CH. The exact boundaries for the temperature
interval of CH are adapted based on the derivative curve (DTG). The values are expressed as %wt. of the dry
sample at 550�C.

2

Blended cements containing fly ash react differently on variations of the curing temperature [9 12]. The
pozzolanic reaction of the fly ash is accelerated by raising the curing temperature, however in a different
way than the OPC. The FA reaction is accelerated over longer time span, whereas, the acceleration of the
OPC mainly takes place during the first week of hydration.

The evaluation of the hydration of Portland composite cements containing both fly ash and limestone
powder cured at 20�C has been reported previously [13 16]. Replacing 5% of fly ash with 5% limestone
powder in a 65% OPC+35% FA cement resulted in enhanced mechanical properties. This is attributed to the
additional aluminates provided by the fly ash which amplify the beneficial effect of limestone powder
forming calcium carboaluminate hydrates [17].

This study focuses on the effect of the curing temperature on the hydration Portland composite cement
containing both fly ash and limestone powder. Samples were cured at 5, 20 and 40�C. Additionally, by
including the neat OPC in the experimental matrix, the influence of the pozzolanic reaction of the fly ash
and the effect of the limestone are examined at these different curing temperatures. A quantitative multi
method approach is adopted in this study using: thermogravimetric analysis (TGA), X ray diffraction (XRD)
combined with Rietveld analysis, and BSE IA.

2. Materials

The following materials were used: ordinary Portland clinker interground with 3.7% of natural gypsum
(referred to as OPC), class F siliceous fly ash (FA) and limestone powder (L). Their chemical composition,
together with the specific Blaine surface and the density are given in Table 1. Table 2 shows the mineral
composition of the OPC determined by Rietveld analysis. The fly ash has a glass content of 65%, and the
limestone powder contains 81% CaCO3.

The hydration of five different cements (see Table 3) at three different curing temperatures 5, 20 and 40�C
was monitored up to 180 days.

3. Methods

The compressive and flexural strength were tested on mortar prisms (40×40×160 mm) with cement – sand
– water proportions of 1 – 3 – 0.5. The ingredients were stored sealed at 5, 20 and 40�C for 24 hours prior
to mixing. For the first 24 hours after mixing the samples were stored in closed plastic bags, after
demoulding, curing continued submerged in Ca(OH)2 saturated solution at the respective temperatures.

Cement paste samples were prepared with water to binder ratio of 0.5 and stored in 20 ml sealed plastic
vessels cured at 5, 20 and 40�C. Prior to examination with thermogravimetric analysis and X ray diffraction,
part of the sample was crushed (< 63 m) and the hydration was stopped by solvent exchange using
isopropanol during 15 minutes and flushing with ether.

The amount of bound water (H) and calcium hydroxide (CH) are determined by thermogravimetric analysis
using a Mettler Toledo TGA/SDTA851 by measuring the weight loss of a 50 mg sample in the temperature
intervals 40 550�C for bound water and 450 550�C for CH. The exact boundaries for the temperature
interval of CH are adapted based on the derivative curve (DTG). The values are expressed as %wt. of the dry
sample at 550�C.



3

The crystalline anhydrous and hydrous phases were identified, and if possible quantified applying X ray
diffraction (XRD) combined with Rietveld analysis using a PANalytical X’Pert Pro MPD diffractometer in a
2 configuration with a CuK source ( =1.54Å) equipped with an incident beam monochromator. The back
loaded powder samples of about 3 g were scanned between 5° and 70° with the X’celerator detector. An
external CaF2 standard was measured for each test series to facilitate quantitative Rietveld analysis [18].

The degree of hydration of OPC and fly ash, and the coarse porosity were determined using image analysis
(IA) [19 21] applied on backscattered electron (BSE) images taken by a Philips ESEM FEG XL 30 of a epoxy
resin impregnated, polished and carbon coated piece of hydrated cement paste. Over sixty images were
taken per sample at a magnification of 1600. The minimum pore radius measured corresponds to 0.17 m.
The analyses were carried out using an accelerating voltage of 15 kV to ensure a good compromise
between spatial resolution and adequate excitation of the FeK peak. The content of unreacted FA and
OPC in the hydrated paste samples is determined from BSE images using image analysis as described in
previous investigation [21]. The percentage of FA and OPC reacted is calculated by dividing the volume of
anhydrous materials in the hydrated sample with the theoretical content in the unhydrated sample.

4. Results and discussion

4.1. Compressive and flexural strength

For all tested combinations the early age compressive and flexural strengths increase with increasing curing
temperature (Table 4 and Figure 1). After 7 days and longer, however, curing at elevated temperatures
(40°C) appears to be detrimental for the strength development of the OPC and OPC L mortars. The OPC and
OPC L mortars cured at 5°C show the highest strengths. This temperature “inversion effect” on the
compressive strength of neat OPC cements has been observed in several other studies [1, 2, 4, 11, 22].

Increased curing temperature resulted in a higher strength up to 28 days for the fly ash containing blends.
At 90 days the mortars cured at 20�C and 40�C reach a similar strength, but which is still higher than the
one obtained by curing at 5�C. Similar observations have been made in the past for cements containing 20
30% fly ash [11, 22, 23]. An inversion effect is not observed for the fly ash containing blends in this study in
the temperature interval of 5 to 40�C up to 90 days (Table 4), but it might occur after longer hydration
times. Temperature inversion for OPC fly ash has been reported within 180 days for samples cured at
relatively higher temperatures (60 and 80°C) than the one used for the current study [11, 23].

Blended cements containing fly ash appear to be more sensitive to low curing temperature than the OPC
and OPC L cements. Curing at 5�C tends to slow down the strength development for fly ash blended
cements, so that even after 90 days of curing, the mortars only reach about 2/3 of the strength obtained by
plain OPC, similar findings have been reported before for curing at 8�C [9]. At 20�C the compressive
strength of the fly ash containing cements surpasses that of the neat cements after 28 days. Increasing the
curing temperature to 40�C increases the strength development of fly ash blended cements considerably.
Hence, the fly ash containing cements surpass their fly ash free equivalents cured at 40�C already after 7
days.

Generally about 5% of OPC can be replaced by limestone powder without impairing the compressive
strength [16, 24, 25]. The results in Table 4 show that varying the temperature does not seem to change
that. A similar observation can be made for the fly ash containing cements at 20�C and 40�C (comparing
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OPC FA* and OPC FA L). However, at 5�C, substituting 5% of the OPC with limestone powder results in a
decrease of compressive strength at all tested ages.

Replacing 5% of fly ash with 5% of limestone powder (comparing OPC FA and OPC FA L) has been shown to
be beneficial for the compressive strength at 20�C in [14 16, 26]. The results presented in Table 4 confirm
this for all tested ages when cured at 5�C or 20�C. However, at 40�C, the fly ash seems to be activated by
the elevated temperature, therefore the higher fly ash content overrules the beneficial effect of the
limestone addition.

4.2. Reaction of the anhydrous phases

4.2.1. Reaction of the OPC

The effect of the curing temperature on the hydration of the different clinker phases is studied using XRD
Rietveld and BSE IA. The percentages of the anhydrous phases relative to the OPC content present after 1,
7, 28, 90 and 180 days of hydration for the different curing temperatures tested are given in Table 5.

The reaction of alite, aluminate and ferrite is accelerated by increasing the curing temperature up to 7 days.
The belite reaction, on the other hand, only starts to be accelerated after 7 days. After 180 days, alite has
reacted nearly completely at all curing temperatures. Only approx. 30% of the belite has reacted at 5°C and
about 70% at 20 and 40°C after 180 days. For aluminate and ferrite a slight temperature inversion effect
can be observed; the final degree of reaction tends to be slightly higher at the lower curing temperatures.
In previous studies [1, 10], a similar temperature inversion was reported for ferrite. The reaction of OPC as
a whole is accelerated by increasing the curing temperature, but after 90 days the clinker have reacted to a
similar level independent of the temperature (Table 5, Table 6 and Figure 2).

The presence of fly ash tends to accelerate the alite hydration after 1 day, and slows down the belite
reaction at 20�C and 40�C which is in line with the findings of other studies [27 30]. At 5�C, the alite reaction
tends to be retarded by the presence of fly ash. The hydration of the aluminate and ferrite phases is not
affected considerably by the fly ash, except for the slight increase in the final degree of hydration of theses
phases which is consistent with observations reported in other studies [28]. The overall reaction of the
OPC is accelerated by the filler effect of the fly ash and the increase in effective water to OPC ratio at 20
and 40°C (Table 5, Table 6 and Figure 2), which is in agreement with observations reported in literature [27,
29 31]. However at 5�C, fly ash tends to retard the OPC reaction during the first day of hydration. The
reason for this might be that as OPC reacts, heat is produced and temporarily the curing temperature of the
sample will increase somewhat, thereby it accelerates its own hydration. Replacing OPC with fly ash will
reduce the produced heat and therefore lead to a relative retardation of the hydration during the first day.

4.2.2. Reaction of the fly ash

Increasing the curing temperature accelerates the fly ash reaction as shown in Figure 3. After 180 days, the
degree of reaction of the fly ash is similar for the samples cured at 20 and 40°C, whereas the fly ash cured
at 5°C only reaches about 1/3 of this. The slow reacting fly ash is more sensitive to the curing temperature
than the relatively fast reacting clinker. Similar sensitivity to the curing temperature has previously been
reported for the reaction of silica fume, geothermal silica and for slag [32 35]. The slow reaction of fly ash
at 5°C is mirrored in the inferior mechanical properties observed for the fly ash containing blended cements
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The reactivity of the fly ash is not influenced by the presence of limestone powder neither by the fly ash
content and is similar for OPC FA*, OPC FA and OPC FA L at a given temperature, which is in agreement
with results previously reported for 20°C [16].

4.3. Effect on Portlandite and total bound water

The amount of bound water (H) (water loss from 40 to 550°C) and calcium hydroxide (CH) (by mass loss
from 450 to 550°C) increase initially with increasing curing temperature for all tested combinations (Table 7
and Figure 4). After 90 and 180 days, the Portlandite content was similar for all temperatures. In contrast,
the amount of bound water starts to decrease with increasing curing temperature for the OPC and OPC L
pastes. The XRD Rietveld and BSE IA results obtained indicate a similar degree of hydration for the OPC at
180 days independent of the temperature (Table 5 and Table 6). The results in Figure 5 indicate that at
higher curing temperatures, less water is bound per OPC reacted. This is in contrast with previous
observations where a similar water content was observed in this temperature range [2, 36, 37], but it
agrees with the findings of Zhang [8] who observed a lower water content at higher curing temperatures
for OPC. The differences in amount of bound water could be due to the relatively high belite content (19%)
of the cement used in this study, with belite being more sensitive to curing temperature than alite.
Alternatively, the presence of less ettringite at higher temperatures (Figure 6) [2, 38], and the formation of
a C S H containing less water at higher temperatures [8] could be the reason for the observed lower water
content at higher curing temperature.

This shows the limitations concerning the use of the amount of bound water to evaluate the degree of
reaction of the OPC when varying the curing temperature.

For the fly ash containing pastes, the H is similar at all tested temperatures from 28 days on, except for a
small relative decrease after 90 days at 40�C (Table 7 and Figure 4). They have generally a lower H and CH
content than their fly ash free equivalents at all tested ages. This might be partly due to the replacement of
OPC with fly ash, the dilution effect. Moreover, the pozzolanic hydration products might not bind much
water in addition to the water inherent to the CH it reacts with, as also reported by Escalante Garcia [37].

From 7 to 28 days on, the CH content in the fly ash containing pastes decreases with increasing curing
temperature as reported in previous studies [39]. The elevated temperature promotes the pozzolanic
reaction of the fly ash and thereby the CH consumption. Furthermore, the maximum CH concentration is
observed at earlier times as the curing temperature increases. Indeed, the maximum at 5, 20 and 40�C
occurs at respectively 180 days, 28 days and 1 7 days which is in agreement with previous findings
reported in the literature [9, 10].

Replacing 5% of OPC with 5% of limestone powder, results in a decrease in CH and H at all tested
temperatures and ages. In case of the fly ash containing pastes (comparing OPC FA* with OPC FA L) the H is
similar or slightly higher and CH content is lower (Table 7). The difference in CH between the two mixes can
not be caused by the pozzolanic reaction as both mixes have the same fly ash content which has reacted to
the same extent (Figure 3). It is most likely due to a change in hydration products caused by the presence of
limestone powder e.g. the formation of hemicarboaluminate hydrate and more ettringite as observed in
previous studies [40 42].
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Replacing 5% of fly ash with 5% of limestone powder (comparing OPC FA and OPC FA L) results in a slight
increase in H and a similar CH content at all tested ages and temperatures. This might also indicate the
formation of carboaluminate hydrates and the stabilization of ettringite when limestone is present, leading
to an increase in H and a decrease in CH. Therefore, no lower CH content was observed for the OPC FA
blend, even though it has higher fly ash content.

The CH content was also determined by XRD Rietveld. The values obtained with both techniques, TGA and
XRD Rietveld, correlated well.

4.4. Porosity

For OPC and OPC L, the coarse porosity at 1 day decreases with increasing curing temperature (Figure 7) as
the reaction of the OPC is accelerated at higher temperatures. At 7 days, the OPC and OPC L pastes reach a
similar level of coarse porosity independent of the curing temperature. Upon further curing an opposite
trend is observed; the coarse porosity is reduced at lower curing temperatures. A similar inversion effect
has been reported in previous studies [6]. It should be noted that after 90 days the degree of reaction of
OPC is similar regardless the curing temperature. The changes in coarse porosity at that age therefore must
originate from differences in hydration products regarding composition and distribution throughout the
matrix.

For the fly ash containing combinations, the trends observed at 1 day are similar as for their fly ash free
equivalents: the higher the curing temperature the lower is the porosity. At 1 day OPC is the dominating
factor, however, upon further curing, fly ash plays an important role. At 5�C the reactivity of the fly ash is
limited and is therefore not able to compensate for the dilution effect due to the replacement of the OPC.
Nevertheless, a gradual reduction in coarse porosity can be observed between 28 and 180 days, most likely
caused by the pozzolanic reaction of the fly ash filling up part of the porosity since most of the OPC has
reacted by 28 days. At 20 and 40�C the supplementary volume of hydration products resulting from the FA
reaction are able to fill the coarse porosity and compensate for the dilution effect visible at early age.

4.5. Microstructure

Figure 8 shows the BSE image of OPC cured for 90 days at 5 and 40�C. At both temperatures, remaining
anhydrous phases, most likely belite, are observed. At 40�C, clear zones of brighter inner product can be
seen around the anhydrous clinker grains. At 5�C, on the other hand, hardly any inner product is observed
and C S H seems to have precipitated more homogenously in the matrix. In addition, a few Hadley grains
are found for samples cured at 5�C. A similar temperature dependency of the microstructure has been
reported by Kjellsen et al. [3, 4]. The bright colour of the inner product compare to the outer product is not
attributed to changes in composition, but to a lower content of micro porosity and bound water [43]. The
homogenous distribution of the hydration products at lower curing temperatures results in a finer pore
structure (except for the Hadley grains) relative to the sample cured at 40�C which favour the formation of
a denser inner product and a more porous outer product. This is confirmed by the quantification of the
total coarse porosity by image analysis of the BSE images (Figure 8).

For the systems containing fly ash, the matrix development during the first days is mainly due to the OPC
reaction. Even though fly ash does not react considerably the first days, it does influence the microstructure
due to its filler effect: the surface of the fly ash particles serves as precipitation surface for the hydration
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originate from differences in hydration products regarding composition and distribution throughout the
matrix.

For the fly ash containing combinations, the trends observed at 1 day are similar as for their fly ash free
equivalents: the higher the curing temperature the lower is the porosity. At 1 day OPC is the dominating
factor, however, upon further curing, fly ash plays an important role. At 5�C the reactivity of the fly ash is
limited and is therefore not able to compensate for the dilution effect due to the replacement of the OPC.
Nevertheless, a gradual reduction in coarse porosity can be observed between 28 and 180 days, most likely
caused by the pozzolanic reaction of the fly ash filling up part of the porosity since most of the OPC has
reacted by 28 days. At 20 and 40�C the supplementary volume of hydration products resulting from the FA
reaction are able to fill the coarse porosity and compensate for the dilution effect visible at early age.

4.5. Microstructure

Figure 8 shows the BSE image of OPC cured for 90 days at 5 and 40�C. At both temperatures, remaining
anhydrous phases, most likely belite, are observed. At 40�C, clear zones of brighter inner product can be
seen around the anhydrous clinker grains. At 5�C, on the other hand, hardly any inner product is observed
and C S H seems to have precipitated more homogenously in the matrix. In addition, a few Hadley grains
are found for samples cured at 5�C. A similar temperature dependency of the microstructure has been
reported by Kjellsen et al. [3, 4]. The bright colour of the inner product compare to the outer product is not
attributed to changes in composition, but to a lower content of micro porosity and bound water [43]. The
homogenous distribution of the hydration products at lower curing temperatures results in a finer pore
structure (except for the Hadley grains) relative to the sample cured at 40�C which favour the formation of
a denser inner product and a more porous outer product. This is confirmed by the quantification of the
total coarse porosity by image analysis of the BSE images (Figure 8).

For the systems containing fly ash, the matrix development during the first days is mainly due to the OPC
reaction. Even though fly ash does not react considerably the first days, it does influence the microstructure
due to its filler effect: the surface of the fly ash particles serves as precipitation surface for the hydration
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products, and the effective water to cement ratio is increased, thereby resulting in a more homogenous
filling of the microstructure. Figure 9 shows the BSE images for OPC FA* hydrated at 5 and 40�C for 90 days.
At 5�C the dissolution of fly ash is restricted, leading to a more porous microstructure for fly ash blended
cements compared to the neat OPC cured at 5�C (Figure 8). At 40°C, on the other hand, the pozzolanic
reaction products contribute to fill the matrix and reduce the coarse porosity.

Additionally, it can be seen from Figure 9 that the inner product is hardly distinguishable from the outer
product in the fly ash blended cement cured at 40°C compared to the neat OPC. This indicates that the high
final strengths obtained with the fly ash blended cement cured at 40�C are not only due to additional filling
of voids by pozzolanic reaction products, but also by a more even distribution of the hydration products
due to the filler effect of the fly ash.

For both neat and blended cements (Figure 8 and Figure 9), the morphology of the calcium hydroxide
seems to depend on the curing temperature, as reported in previous studies [3, 4]. At 5�C more lamellar
and elongated calcium hydroxide is observed most likely resulting form the cross section of platelets,
whereas at 40�C it is denser and more irregular shaped.

5. Factors influencing compressive strength

Figure 10 presents the compressive strength versus bound water and degree of reaction of OPC and FA,
and the coarse porosity, for the OPC and OPC FA L samples cured for 1, 7, 28 and 90 days at 5, 20 and 40°C.

The fly ash containing cement tends to bind less water than the OPC, for the same level of compressive
strength. Little additional water seems to be bound after 28 days of curing in the fly ash cements even
though a considerable strength increase is observed. This indicates that the fly ash mainly binds the water
inherent to the calcium hydroxide in its hydration products and only little additional water.

The degree of reaction of OPC does not correlate well with its compressive strength for samples cured at
different temperatures. For a similar degree of reaction, a lower strength is reached at higher curing
temperatures. This can be attributed to the inhomogeneous distribution of the hydration products at
higher curing temperatures, as mentioned above in the discussion of the microstructure. For the ternary
cements the correlation is better as exemplified for OPC FA L in Figure 10. At early ages, the filler effect of
the fly ash results in a better distribution of the hydration products and at later ages the hydration products
from the fly ash makes the matrix denser. It should, however, be noted that at the same total percentage
of OPC and fly ash reacted, compressive strength is much lower for the neat OPC than for the fly ash
containing mixtures. This could indicate that fly ash contributes relatively more to the compressive strength
than OPC, by converting calcium hydroxide to C S H which has a higher binding capacity.

The coarse porosity correlates best with the compressive strength from all of factors presented in Figure
10. The correlation appears to be independent of whether part of the OPC is replaced by fly ash and
limestone powder or not.

6. Conclusion

After the first day of hydration, the curing temperature accelerates significantly the OPC hydration and thus
increases the compressive and flexural strength and the amount of bound water and portlandite. After
about 7 days of hydration, the compressive strength of OPC and OPC L cements exhibit a crossover. The
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higher curing temperature, initially yielding higher strength and more bound water, turns out to be
detrimental from 7 days and onwards. After 90 days, the highest strength is obtained when curing at 5�C
and the lowest at 40�C. This is related to the formation of a denser C S H containing less water (Figure 5)
and the resulting coarser porosity (Figure 8) at higher temperatures and to the formation of less ettringite
at higher temperatures (Figure 6), as a similar degree of hydration is observed after 28 days and longer at
all curing temperatures.

No temperature inversion effect was observed for the compressive strength of the composite cements
containing fly ash. Fly ash reacts differently at elevated curing temperature than OPC. During the first days
of hydration, replacing part of the OPC by fly ash gives rise to a more homogenous distribution of the
hydration products as the fly ash serves as precipitation sites for hydration products and leads to an
increase in the effective water to OPC ratio. At later ages, the pozzolanic hydration products further fill the
coarse porosity and thereby improve the compressive strength. Hence, the fly ash containing cements
cured at 20 and 40�C reach a higher final compressive strength than their fly ash free equivalents. However
at 5�C, the dissolution of the glass phase of the fly ash is very slow and the fly ash containing mortars are
not able to catch up with the compressive strength observed of the OPC and OPC L blends within the first
90 days of hydration.

An evaluation of the factors influencing the compressive strength revealed that to reach the same strength
level, fly ash blended cement bind less water than OPC. In the case of neat cement, the percentage of OPC
reacted is not a good indication for the strength when the samples are cured at different temperatures. In
contrast, for fly ash containing cements, the total amount of OPC and fly ash reacted correlates rather well
with strength. Additionally, less OPC plus fly ash has to react than OPC in the neat cement to reach the
same compressive strength. Finally, the coarse porosity appears to be the dominating factor regarding the
compressive strength, independent of whether part of the OPC is replaced by fly ash and limestone powder
or not.
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Table 1: Chemical composition of the clinker, fly ash and limestone powder
Clinker Fly ash Limestone

SiO2 20.0 50.0 12.87
Al2O3 5.4 23.89 2.68
Fe2O3 3.14 6.03 2.04
CaO 60.6 6.32 42.29
MgO 2.9 2.12 1.84
SO3 1.5 0.43
P2O5 0.10 1.07
K2O 1.2 1.42 0.62
Na2O 0.5 0.63 0.49
LOI 0.33 3.60 37.66
Carbon 3.13
Chloride 0.051 0.00
Free CaO 1.85
Gypsum 3.7
Blaine surface [m2/kg] 450* 450 810
Density [kg/m3] 3150* 2490 2740
* for OPC = clinker + gypsum

Table 2: Mineral composition of the clinker determined by XRD Rietveld analysis.
Minerals [%]

C2S 19
C3S 54
C3A 11
C4AF 8

Table 3: Experimental matrix
name OPC FA L
OPC 100
OPC L 95 5
OPC FA* 70 30
OPC FA 65 35
OPC FA L 65 30 5
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Table 4: Compressive and flexural strength
Compressive strength [MPa] Flexural strength [MPa]

time [days] 1 3 7 28 90 1 3 7 28 90

OPC
5°C 5.9 24.4 36.0 50.6 57.1 1.7 5.3 7.0 7.8 8.2
20°C 22.1 31.6 36.1 45.6 48.0 5.3 7.2 7.7 7.1 6.9
40°C 26.3 29.7 34.1 40.3 42.2 5.0 6.4 6.3 6.0 5.1
OPC L

5°C 5.8 24.7 38.4 52.9 60.1 1.6 5.1 6.9 8.0 8.3
20°C 21.9 32.8 38.1 43.9 51.5 5.0 7.0 7.4 7.4 7.5
40°C 26.9 30.8 35.1 40.8 44.2 5.3 6.5 6.4 5.6 5.7
OPC FA*

5°C 2.3 14.2 25.9 36.3 46.0 0.5 3.3 5.2 6.7 7.6
20°C 13.7 23.8 28.5 39.8 55.2 3.5 5.0 5.9 6.3 7.7
40°C 19.5 26.4 37.9 50.0 53.8 3.9 5.1 7.1 8.1 7.7
OPC FA

5°C 1.8 12.2 22.5 31.2 41.4 0.4 3.0 4.9 6.2 6.9
20°C 12.1 21.5 25.7 37.8 52.3 3.1 4.7 5.2 7.0 6.8
40°C 18.0 25.0 36.3 51.6 54.5 3.5 5.0 7.3 8.1 7.8
OPC FA L

5°C 1.9 12.8 23.6 34.8 44.7 0.5 2.9 5.1 6.3 7.7
20°C 12.4 23.8 28.8 39.8 55.3 3.2 4.8 5.7 6.0 8.5
40°C 19.6 26.2 36.8 50.0 53.6 3.7 4.9 7.6 8.9 7.9
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Table 6: the %OPC and FA reacted and coarse porosity determined by BSE IA.
OPC reacted [%] FA reacted [%] Coarse porosity [%]

time
[days] 1 7 28 90 180 1 7 28 90 180 1 7 28 90 180

OPC
5°C 38.2 68.2 76.5 85.4 88.9 33.2 12.5 3.3 2.1 2.2
20°C 55.9 74.9 82.7 83.9 85.8 22.7 12.6 5.7 4.9 4.8
40°C 65.2 74.5 83.1 85.4 88.2 19.0 12.5 8.8 8.2 8.1
OPC L
5°C 37.8 69.4 78.3 86.2 89.3 31.8 13.7 3.9 2.4 1.9
20°C 54.3 73.7 84.6 86.3 89.5 23.3 12.2 6.2 4.2 4.7
40°C 67.3 73.9 84.5 87.2 89.5 19.7 13.2 8.7 7.9 7.9
OPC FA*
5°C 36.5 71.4 84.2 88.9 92.3 0.0 0.9 4.1 8.1 13.7 35.4 17.4 13.9 8.7 7.4
20°C 61.4 79.3 88.0 88.8 89.3 1.1 6.4 19.6 28.4 32.9 29.7 19.9 11.4 3.1 2.8
40°C 73.2 83.2 88.2 89.2 90.2 4.2 11.6 29.6 31.2 34.8 22.9 11.4 3.2 3.1 2.8
OPC FA
5°C 34.5 72.3 85.3 90.7 91.5 0.0 1.0 4.6 8.7 12.5 37.6 18.2 13.2 9.4 7.7
20°C 61.5 80.1 86.7 87.4 87.5 0.6 6.1 20.8 27.6 32.7 29.9 20.0 13.4 4.7 3.4
40°C 73.1 82.5 89.7 90.3 90.4 4.8 12.0 29.4 31.7 35.4 24.9 10.2 3.1 2.9 2.7
OPC FA L
5°C 36.2 73.7 84.7 89.6 91.7 0.0 0.9 4.5 8.2 13.2 34.7 19.7 13.6 9.1 7.5
20°C 61.8 84.3 84.4 85.7 86.9 0.8 6.1 18.5 26.4 32.2 30.0 18.9 12.8 3.0 3.1
40°C 72.4 83.3 89.1 89.9 90.7 4.6 12.3 28.5 30.6 34.3 23.9 12.7 3.3 3.1 2.9

Table 7: Amount of calcium hydroxide (CH) and bound water (H) determined by TGA.
CH [%] H [%]

time [days] 1 7 28 90 180 1 7 28 90 180

OPC
5°C 8.0 17.9 18.8 21.4 22.6 10.8 21.8 24.1 28.5 30.6
20°C 12.3 18.6 20.1 22.6 23.4 15.1 21.9 24.1 26.3 28.2
40°C 15.7 19.5 20.6 22.9 23.1 17.9 21.2 23.2 25.0 26.2
OPC L
5°C 7.3 15.7 18.1 19.5 20.7 10.0 19.8 23.7 25.8 29.7
20°C 11.9 16.3 17.9 19.3 20.5 14.6 21.0 23.4 25.0 27.3
40°C 14.6 18.2 19.3 21.0 21.0 16.9 20.7 23.0 24.4 26.1
OPC FA*
5°C 6.1 12.9 14.1 14.3 14.7 7.6 15.7 18.4 20.4 23.0
20°C 9.4 11.4 11.8 11.2 11.2 12.1 16.7 18.8 20.5 23.2
40°C 11.5 12.7 11.8 11.7 11.0 14.3 17.7 18.8 19.8 21.3
OPC FA
5°C 4.6 12.3 13.0 13.5 14.1 6.8 14.8 17.3 19.3 22.1
20°C 9.1 13.1 13.5 12.5 12.1 11.2 16.0 18.2 19.8 22.1
40°C 11.1 11.2 10.3 11.0 10.3 13.7 16.9 18.1 18.8 20.2
OPC FA L
5°C 4.7 12.0 12.5 13.1 13.4 7.1 15.3 18.5 20.6 23.5
20°C 9.6 12.9 12.7 11.9 11.4 11.4 17.0 19.4 21.1 22.9
40°C 10.9 11.7 10.1 10.3 9.9 14.2 17.8 19.3 20.0 21.6
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Figure 1: Compressive strength of OPC and OPC FA L in function of the curing temperature and
time.

Figure 2: % OPC reacted as a function of the curing time and temperature for OPC and OPC FA L
determined by BSE IA.

Figure 3: Fly ash reactivity at the different curing temperatures tested.
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Figure 2: % OPC reacted as a function of the curing time and temperature for OPC and OPC FA L
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Figure 3: Fly ash reactivity at the different curing temperatures tested.
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Figure 1: Compressive strength of OPC and OPC FA L in function of the curing temperature and
time.

Figure 2: % OPC reacted as a function of the curing time and temperature for OPC and OPC FA L
determined by BSE IA.

Figure 3: Fly ash reactivity at the different curing temperatures tested.
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Figure 4: The amount of bound water (H) and calcium hydroxide (CH) of OPC and OPC FA L as a
function of time and curing temperature.

Figure 5: The amount of bound water (H) relative to the amount of OPC reacted for the OPC and
OPC L cements at 5�C, 20�C and 40�C.
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Figure 6: XRD patterns for OPC and OPC FA L cured for 180 days at 5, 20 and 40°C (with E =
ettringite, Ms = monosulphate, Hc = hemicarbonate, Mc = monocarbonate).

Figure 7: Coarse porosity determined by BSE IA as a function of curing time at 5, 20 and 40�C for all
tested combinations.

8 9 10 11 12 13

2

Ms
E

Mc
Hc

OPC

40°C

20°C

5°C

8 9 10 11 12 13

2

Ms
E

Mc

Hc

OPC FA L

40°C

20°C

5°C

0

5

10

15

20

25

30

35

1 10 100 1000

po
ro

sit
y

[V
ol

%
]

time [days]

5�C
20�C
40�C

OPC

0

5

10

15

20

25

30

35

40

1 10 100 1000

po
ro

sit
y

[V
ol

%
]

time [days]

5�C
20�C
40�C

OPC FA L

18

Figure 6: XRD patterns for OPC and OPC FA L cured for 180 days at 5, 20 and 40°C (with E =
ettringite, Ms = monosulphate, Hc = hemicarbonate, Mc = monocarbonate).

Figure 7: Coarse porosity determined by BSE IA as a function of curing time at 5, 20 and 40�C for all
tested combinations.

8 9 10 11 12 13

2

Ms
E

Mc
Hc

OPC

40°C

20°C

5°C

8 9 10 11 12 13

2

Ms
E

Mc

Hc

OPC FA L

40°C

20°C

5°C

0

5

10

15

20

25

30

35

1 10 100 1000

po
ro

sit
y

[V
ol

%
]

time [days]

5�C
20�C
40�C

OPC

0

5

10

15

20

25

30

35

40

1 10 100 1000

po
ro

sit
y

[V
ol

%
]

time [days]

5�C
20�C
40�C

OPC FA L

18

Figure 6: XRD patterns for OPC and OPC FA L cured for 180 days at 5, 20 and 40°C (with E =
ettringite, Ms = monosulphate, Hc = hemicarbonate, Mc = monocarbonate).

Figure 7: Coarse porosity determined by BSE IA as a function of curing time at 5, 20 and 40�C for all
tested combinations.

8 9 10 11 12 13

2

Ms
E

Mc
Hc

OPC

40°C

20°C

5°C

8 9 10 11 12 13

2

Ms
E

Mc

Hc

OPC FA L

40°C

20°C

5°C

0

5

10

15

20

25

30

35

1 10 100 1000

po
ro

sit
y

[V
ol

%
]

time [days]

5�C
20�C
40�C

OPC

0

5

10

15

20

25

30

35

40

1 10 100 1000

po
ro

sit
y

[V
ol

%
]

time [days]

5�C
20�C
40�C

OPC FA L

18

Figure 6: XRD patterns for OPC and OPC FA L cured for 180 days at 5, 20 and 40°C (with E =
ettringite, Ms = monosulphate, Hc = hemicarbonate, Mc = monocarbonate).

Figure 7: Coarse porosity determined by BSE IA as a function of curing time at 5, 20 and 40�C for all
tested combinations.

8 9 10 11 12 13

2

Ms
E

Mc
Hc

OPC

40°C

20°C

5°C

8 9 10 11 12 13

2

Ms
E

Mc

Hc

OPC FA L

40°C

20°C

5°C

0

5

10

15

20

25

30

35

1 10 100 1000

po
ro

sit
y

[V
ol

%
]

time [days]

5�C
20�C
40�C

OPC

0

5

10

15

20

25

30

35

40

1 10 100 1000

po
ro

sit
y

[V
ol

%
]

time [days]

5�C
20�C
40�C

OPC FA L



19

Figure 8: BSE images of hydrated pastes. Left: OPC 5�C 90 days; right: OPC 40�C 90 days.

Figure 9: BSE images of hydrated pastes. Left: OPC FA* 5�C 90 days; right: OPC FA* 40�C 90 days.
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Figure 10: Compressive strength versus the amount of bound water (%H), % OPC and FA reacted,
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5, 20 and 40°C (resp. white, grey and black).
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