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Abstract 
In a cement plant, as in any industry, there are regulations of the level of emissions. One way to reduce 
the emissions is by decreasing the clinker content in the produced cement by addition of remains from 
other processes that together with lime produce the same products as pure clinker. The produced clinker 
varies in reactivity and in a more reactive clinker the addition could be increased, reducing the emissions 
per tonnage of cement. Today the produced cement is analyzed for strength and the results are then 
evaluated, which is about 1.5 months after the clinker was produced. Clinker samples from the kiln are 
analyzed every third hour with X-Ray diffraction to see that the composition is correct. If those samples 
could be used to predict the strength or heat evolution, parameters could be changed directly to keep a 
stable clinker production. This would give a more stable product and require less energy to produce, 
thereby producing less emission.  

In this study, Florida clinker samples have been mixed with 3.96 % gypsum and ground in a 5kg-mill. The 
ground cement has been analyzed for sulfur, loss of ignition, free lime, compressive strength and setting 
time. They have also been analyzed with X-Ray fluorescence, calorimetry and X-Ray diffraction. The 
results have been correlated with each other two by two to see if any connections could be found. The 
results of the correlation analysis showed 9 good correlations. No correlation was found between any 
clinker mineral or module to heat evolution, compressive strength or setting time. Multivariate analysis 
has also been used but more data is needed for it to be able to predict the cement strength. 

The calorimetric analyses were performed while developing a method. The method seemed robust and 
small changes had no large significance although the mixing time could rather be too long since shorter 
mixing time was not enough.  
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1. Introduction 
In cement production, limestone with high content of calcium carbonate is mined, crushed and ground. 
Some raw materials are added to optimize the content which is burned in a kiln, producing clinker. A kiln 
is a large oven that can withstand the high temperatures needed in clinker production. The clinker is 
immediately cooled and is then transported to a silo where it is stored. Thereafter it is transported to the 
mill and some additives are mixed in before it is ground to cement.  

In a cement plant, as in any industry, there are regulations for the level of emissions of gas and dust. One 
way to reduce the CO2 emissions is by decreasing the clinker content in the produced cement by adding 
waste products from other processes that together with lime produce the same products as pure clinker. 
Materials with those properties are called pozzolans and could be waste or by products remains such as 
slag from the steel industry or fly ash from coal fired power plants.  

The produced clinker varies in reactivity depending on many factors as for example the quality of the 
limestone, the conditions in the kiln etc. If a more reactive clinker is produced, the clinker part in the 
cement could be more diluted. It would still have the same quality as the cement made of less reactive 
clinker but the CO2 emission per tonnage of product would decrease since there would be more product. 
If a method to measure the reactivity of the clinker was created, it could be used to control how much of 
the clinker could be replaced. It would give an increased control over the process and the climate impact 
could be decreased. 

Today the produced cement is analyzed for compressive strength for up to 28 days. Compressive 
strength is how much pressure the casted cement can withstand without cracking. If the results from the 
strength analyses go in an unwanted direction, conditions during the production can be changed. The 
clinker has then been stored in a silo for at least a week, gone through the cement mill and the cement 
has been tested for 28 days. About 1.5 months after the clinker production, conditions can be changed 
assuming that the cement properties still follow the same trend. Clinker samples are analyzed every third 
hour by X-Ray diffractrometry (XRD) to see that the composition is correct. If there could be a way to 
predict the strength or heat evolution based on the mineral composition, parameters could be changed 
directly to keep a more stable clinker production. This would give a more stable product and require less 
energy to produce, thereby producing less CO2 emissions.  

1.1 Aim 
The aim of this study is to find correlations between cement properties and the composition of clinker. 
The composition of clinker minerals and the minerals ratios will be correlated against compressive 
strength, setting time and heat evolution. The setting time is the time it takes for the cement to get hard 
after mixing it with water and the heat evolution is the heat which is produced when cement is mixed 
with water. The heat evolution from the cement will also be correlated against compressive strength and 
setting time. 

In the study, the calorimetric method will also be validated to see if it is robust to changes in vortexing 
time, tilts, amount of water added and water temperature. 



1.2 Limitations 
Calorimetric measurements are usually run for 1, 3 or 7 days. Measurements for 7 days were not 
included because of time limitations. Instead the 3 day values will be used to see if there could be a 
correlation to the 7 and 28 day strengths.  

The clinker in this study is of the most common type for the Slite factory, called Standard clinker. Since 
the study only include Standard clinker, three samples of low alkali clinker were removed from the 
results. 

Due to time limitations loss of ignition, free lime, X-ray fluorescence (XRF) and XRD were analyzed by 
other laboratory workers from Cementa research. Free lime was analyzed by Maja Birath and XRD was 
analyzed by Patricia Sandström. Loss of ignition and XRF were analyzed by Maja Birath, Karin Fagerström 
and Stina Hammar. Cement casting for test of compressive strength and setting time were also made by 
other workers at Cementa research since it is a craftsmanship which takes a long time to learn and get 
reproducible results from.  Analyses for compressive strength and setting time were made by Tomas 
Rohnström, Stefan Sjöqvist, Mikael Lehrberg and Jennifer Martell. 

In the factory, a lot of different additives are used to optimize the cement properties. In this trial only 
gypsum (CaSO4) will be added to the cement since the cement will harden too quickly otherwise. Using 
all additives would make it hard to know which additive that is responsible for different properties. 

Since the cement strength does not follow a linear trend through 1, 2, 7 and 28 days, linear regression 
could not be used. And since there is only one replicate of each sample, stepwise regression cannot be 
used.  

  



2. Background 
2.1 Cement production 
2.1.1 The mine 

In the mines in Slite the limestone is reached by first removing the overlying soil to reach the bedrock. To 
see that the bedrock is of the quality needed for limestone extraction, drilling is made over the whole 
area of the proposed mine. The mineral compositions of the drilled bedrock samples are analyzed. 
Depending on the quality of the bedrock it is classified as either limestone or marl. Limestone is relatively 
pure calcium carbonate while marl contains clay which consists of calcium, silicon, iron and aluminum. 
The bedrock is divided into different areas where the minerals are approximated using the mineral 
composition of the bedrock samples. Areas are blasted after need and the rock is loaded onto dumpers 
and transported to a hammer crusher were it is crushed to a certain size. A hammer crusher uses 
hammers fixed on a rotating cylinder to crush the rocks. The crushed rock is transported to storage 
where it is stacked in long piles, using the chevron system to homogenize it. In the chevron system, a 
conveyor goes back-and-forth at constant speed so that the rock gets layered. The loaves are then cut 
starting from one end to the other onto a new conveyor thereby mixing all the layers.[1]  

The rock is then ground into smaller sizes using a ball mill or a roller mill. A ball mill is a spinning cylinder 
containing spherical rocks which crushes the material between each other or against the wall. A roller 
mill uses cylindrical rollers to crush the material either between two rollers or between a roller and a flat 
surface. In the mill the rock is mixed with other raw material to optimize the properties of the rock, the 
mix is thereafter called raw meal. The added raw materials could increase the content of silica, iron, 
aluminum and/or calcium. The composition of the raw meal is controlled by XRF every hour to check that 
the mineral ratios are correct.[1]  

2.1.2 The kiln 
The raw meal passes through a pre-heater in which the hot gas from the kiln heats it up while it passes a 
series of cyclones going to the kiln. Cyclones are tubes that separate dust from air by vortex separation. 
When the raw meal, now called kiln feed leaves the pre-heater it has reached a temperature of about 
800°C and approximately 40% of the calcite has been decarbonized. In Slite Kiln 8, a portion of the fuel is 
burnt in the precalciner instead which gives an effective heat transfer to the raw meal. The kiln feed 
spends a few seconds in the hottest zone of the precalciner where it is heated up to 900°C and is 90-95% 
decarbonized. This increases the amount of clinker that can be produced in the oven. The rotary kiln is a 
tube which rotates 1-4 rev/min and slopes 3-4% from the horizontal plane. The kiln feed is introduced in 
the upper end and moves toward the lower end while the hot gases produced in the kiln moves in the 
opposite direction. If a precalciner is used the usual length of the kiln is 50-100 meters and has a ratio of 
length to diameter of 10-15.[2] 

The burning zone is located near the lower end of the kiln and that is where the maximum temperature 
of about 1450°C is reached. The kiln feed, which now is a mix of solid and melt, spends 10-15 minutes in 
the burning zone and becomes semi-crystalline clinker. It becomes solid during the cooling process which 
starts with a short cooling region in the end of the kiln and continues in the cooler. In the cooler the 
clinker is transported on grates through which air blows and the clinker is cooled to 110°C.[2] 



2.1.3 Cement grinding 
Before the clinker is ground to cement, there is addition of gypsum, iron sulfate, grinding aids and other 
additives such as perhaps fly ash, limestone or slag. The iron sulfate is added to reduce the carcinogenic 
Cr6+ to Cr3+. The Cr3+ comes partly from the raw materials and is oxidized to Cr6+ in the oven. The mix is 
inserted into a ball mill which has two chambers. The first chamber contains grinding balls with a 
diameter of 60-90 mm which is efficient to crush the material that enter the mill. The second chamber 
contains grinding balls with a diameter of 20-50 mm which gives a more efficient grinding to the desired 
particle size distribution. The two chambers are separated by a diaphragm, a wall which only lets through 
particles smaller than a certain size. The grinding releases heat and the mill is therefore cooled with 
water so the temperature does not exceed 120°C. The temperature has to be controlled so that the heat 
does not affect the properties of the cement. The added gypsum as an example would be dehydrated 
and instead of the desired 50/50 partition of half hydrate (CaSO4*½H2O) and dihydrate (CaSO4*2H2O) it 
would become too much half hydrate or it could be completely dehydrated and become 
anhydrate(CaSO4). If the temperature would become too low there would be too much dihydrate 
instead.[1] 

The ground cement goes through a separator which filters out the particles that are too coarse and 
returns them to the entry of the mill. The finer cement that passes through the separator goes to a 
cooler and is cooled from 120°C to below 65°C. This is important because at temperatures above 65°C, 
the gypsum can continue to dewater and affect the cement quality and in some conditions alkali could 
produce syngenite (K2Ca(SO4)2*H2O) which is bad for the management of the cement, the cooled cement 
is then finished and ready for shipping.[1] 

2.2 Cement Chemistry 
2.2.1 Hydraulic lime 

Historically, the process of producing lime began in three steps:  

CaCO3  CaO + CO2   (Burning) 

CaO + H2O  Ca(OH)2   (Hydration) 

Ca(OH)2 + CO2  CaCO3 + H2O  (Carbonation) 

Burning increases the pore sizes in the limestone which makes it bind water to form lime hydrate. The 
lime hydrate needs 20% more space than the lime oxide and the growth has an explosive effect which 
turns the lime oxide to a fine white powder (~2 µm). The carbon dioxide which evaporated in the first 
reaction slowly returns to the pores and produce a hard lime carbonate. The produced lime mortar has a 
relatively low strength but it is greatly improved if the lime is mixed with silicon dioxide.[3] 

Silicon dioxide in nature is mainly in the form of quartz (quartz sand and sand stone) which has a high 
stability and low reactivity. Silicon dioxide in more reactive forms could be mixed with lime to produce 
calcium silicate hydrate. When hydraulic lime is burnt it produces dicalcium silicate (Belite, 2CaO*SiO2).  
In Portland cement production the calcium silicates are produced at high temperature. At high 
temperatures there is no need for the silicon dioxide to be in a reactive form.[3] 



2.2.2 Portland cement 
Portland cement hardens faster and gets higher strength than hydraulic lime since it contains Alite, 
(3CaO*SiO2). Alite is unstable and is not produced below 1250⁰C. When the temperature is decreased 
below 1250⁰C, alite will dissolve to form belite and free lime (CaO). To make sure that the Alite does not 
decompose, other compounds could be added to the reaction. Iron oxide and aluminum oxide could be 
added and all compounds would then form a smelt in which alite will be crystallized. This reaction is 
done in sintering which means that the components does not melt but becomes doughy when they are 
reacting. To get the maximum amount of alite and the optimal amount of melt it is also important to 
have the correct modules which are ratios of clinker molecules.[3] 

Gypsum is added to the cement to secure a stable setting time for the casting of the cement which 
without the gypsum gets hard to fast. Gypsum in amounts less than 4.0% react with aluminate 
(3CaO*Al2O3) and stabilize the setting.[3] 

2.2.3 Cement casting 
The cement is casted by mixing it with water and letting it harden. When cement is mixed with water it 
reacts and the cement compounds forms hydrate phases which results in a stiffening. After a certain 
degree it is called setting and the setting is followed by hardening. For setting the reaction between 
aluminate and gypsum is determining and for hardening the hydration of calcium silicate is determining. 
The reaction in the mixture, called cement paste, need relatively little water since it takes place in a thin 
film of water surrounding each cement particle. The consistency of the cement paste is mainly 
determined by the water:cement ratio (wcr) but also to some extent on the cement properties, mainly 
its fineness. The mass of the mixing water is divided with the mass of the cement to calculate the wcr. 
The wcr of concrete is usually 0.35-0.80 and higher wcr is needed for increased fineness for a certain 
consistency. Since the cement has a higher density than water it tends to settle which creates a water 
layer on the surface of the cement paste. This is called bleeding. Bleeding increases with a coarser 
cement and with an increased wcr. Since concrete contains fine-grained additives which also adsorb 
water, the bleeding is lower than in pure cement paste.[4] 

The hydration products are formed one after the other and not simultaneously. The hydration of cement 
can be divided into three stages. In the first stage which starts immediately some aluminate reacts with 
gypsum, forming the trisulfate, ettringite (3CaO*Al2O3*3CaSO4*32H2O). The reaction goes on for a few 
minutes before it is paused during the resting period which is nearly free of chemical reactions. A thin 
layer of trisulfate crystals are formed on the surface of the cement particles. However, the gap between 
cement particles is too wide for the small crystals to link. According to cement standard the setting starts 
during the resting period, probably due to recrystallization of trisulfate. The smaller crystals dissolve 
while the larger ones grow until they can link to each other and thereby start the solidification. The 
trisulfate later reacts with aluminate and calcium hydroxide in presence of moisture to form monosulfate 
(3CaO*Al2O3*CaSO4*12H2O). Ferrite (4CaO*Al2O3*Fe2O3) will form the same compound when it is 
hydrated with the difference that some aluminum oxide will be replaced by iron(III) oxide. Small 
amounts of calcium hydroxide are also formed during the first stage but it is the calcium trisulfate 
crystals that create a slight stiffening. Without gypsum the mixture of cement and water would set 
rapidly. The aluminate that is dissolved would form large crystals of tetracalcium aluminate hydrate 
(4CaO*Al2O3*19H2O) which grow together between the cement particles to form a structure like a house 
of cards. The added gypsum must however be limited since all of it should have reacted within 24 hours 



of mixing. The strength development could otherwise be reduced if trisulfate and monosulfate were to 
be formed in the hardened cement.[4]  

In the second stage alite and belite is hydrated which creates long fibers that bridges the gaps between 
cement particles and the structure gets a definite strength. The hydration of alite and belite is the main 
reason for the hardening of cement. Both hydrations result in fibrous calcium silicate hydrates (m 
CaO*SiO2*n H2O) which has a lower lime content than the hydrated starting compound. The calcium 
silicate hydrates are also the main contributors to the strength of the cement. The reaction releases 
calcium hydroxide which forms larger crystals in the hardened cement.[4] 

In the third stage the remaining pores are reduced in size when small crystals of calcium silicate hydrate 
are formed. This increases the strength by densifying the structure. The calcium hydroxide that is 
produced is integrated into the structure but the strength is not increased. The hardening process could 
be delayed for example by lowering the temperature or using additives. This would prolong the second 
hydration step and the content of calcium silicate hydrate would increase and therefore also the final 
strength. Accelerating the hardening process would increase the initial strength but less calcium silicate 
hydrate would be formed and the final strength would decrease.[4] 

The reaction between water and cement is exothermic and the temperature of the concrete is increased 
due to the released heat. The amount of heat that is released in the reaction depends on the 
composition of the cement. A more reactive cement hardens quicker and releases its heat faster.[4] 

In concrete, cement is used as a matrix to bind together stones of well-graded sizes, called aggregates, 
where the aggregates are providing the strength of the concrete. Concrete is distinguished from mortar 
by the size of the aggregates. Mortar generally contains sand with a grain size of 2-4 mm maximum while 
concrete contains aggregates in the range 0.01-100 mm. Since mortar contains smaller aggregates it has 
a larger surface which needs a larger wcr. Therefore, mortar has lower compressive strength and volume 
stability than concrete. The grading of aggregates is usually chosen to get as high concentration of 
aggregates as possible while keeping the surface area as small as possible so that less water can be used. 
Water is added to concrete to hydrate the cement and to assure the workability. A wcr of 0.2-0.25 is 
enough for the chemical reaction but to get a good workability and achieve complete hydration more 
water is needed. If the wcr is higher than what is needed for all water to be chemically bound, the excess 
water will form capillary pores which in time will dry out. These capillary pores will decrease the strength 
of the concrete. Superplasticizers could be used as an additive to concrete for improvement of the 
workability. Since they allow the use of a lower wcr the strength of the concrete is increased.[4] 

2.2.4 Theory behind analyses 
2.2.4.1 Particle size distribution 

The particle size distribution (PSD) of the cement affects its development of strength. Cement with 
smaller particles have a larger surface area and can therefore react more easily with water. Smaller 
particle size distribution does increase the 7 day strength. After 28 days the impact is smaller and 
decreases until the final strength. The particle size distribution has less impact on the final strength than 
the chemical composition.[3] 

 



2.2.4.2 Loss of ignition 
Loss of ignition is analyzed by heating the cement to 950⁰C while measuring the weight loss. The loss of 
ignition is mainly due to carbon dioxide from limestone, carbon from fly ash and water from the gypsum 
or water which is added in the cooling process or comes from the air. The reason for the high 
temperature is to evaporate the chemically bound water.[3] 

2.2.4.3 X-ray fluorescence 
In X-ray fluorescence the Bogue calculation is used to estimate the mineral composition of clinker. The 
calculation assumes that the four major phases have the composition of alite, belite, aluminate and 
ferrite. It assumes that all Fe2O3 is in the form of ferrite and that the remaining Al2O3 is in the form of 
aluminate. After subtracting the CaO present in ferrite, aluminate and free lime, the remaining CaO is in 
the forms of alite and belite. The SiO2 content determines how much there is of each alite and belite. The 
results of the Bogue calculation are potential phase compositions since the results differ from the true 
phase composition. The major reasons for this error are that equilibrium is not reached and that the 
produced clinker minerals differ from the pure minerals. Substitution of substances occur depending on 
raw materials, fuels and the burning and cooling.[2] 

The XRF results are used to calculate the modules lime saturation factor (LSF), silica ratio (SR) and 
alumina ratio (AR). LSF is calculated using the equation: 

𝐿𝐿𝐿𝐿𝐿𝐿 =  
𝐶𝐶𝐶𝐶𝐶𝐶

2.8 𝐿𝐿𝑆𝑆𝐶𝐶2 + 1.2 𝐴𝐴𝐴𝐴2𝐶𝐶3 + 0.65 𝐿𝐿𝐹𝐹2𝐶𝐶3
 

The equation is based on clinker equilibrium in production and a LSF value over 1.00 indicates a presence 
of free lime in the cement. For modern clinkers it is typical with a LSF of 92-98.[2] 

SR is calculated using the equation: 

𝐿𝐿𝑆𝑆 =  
𝐿𝐿𝑆𝑆𝐶𝐶2

𝐴𝐴𝐴𝐴2𝐶𝐶3 +  𝐿𝐿𝐹𝐹2𝐶𝐶3
 

SR is empirically based and a normal value in Portland cement is 2.0-3.0. When the SR is increased, the 
liquid proportion is decreased making it harder to burn the clinker.[2] 

 

 

AR is calculated using the equation: 

𝐴𝐴𝑆𝑆 =  
𝐴𝐴𝐴𝐴2𝐶𝐶3
𝐿𝐿𝐹𝐹2𝐶𝐶3

 

AR is also empirically based and has a normal value of 1.0-4.0 in Portland cement. AR impacts the 
properties of the cement and the formation of liquid at relatively low temperatures.[2] 

 

 



2.2.4.4 Cement casting 
To analyze the strength development of the cement, the cement is casted and normally tested up to 28 
days. Experience has shown that if there are no signs of explosive effects by then there will be none. 

When testing the cement for its strength there is a need for a sample body that can stand all test but 
does not require too much material. It has been decided that the sample body should be stored in water. 
This is not the most common storage when the cement is cast for building but it gives constant moisture 
and temperature which is needed for reproducibility. The value that is produced can only be considered 
as an indication of the real strength. Since the sample body is different from the casted building body 
they will not have the same strength.[3] 

2.3 Calorimetry 
2.3.1 Calorimetric analyses 

Calorimetry is an analysis performed in twin channels. A channel has two sample holders, one for the 
sample and one for a reference. The sample should undergo a reaction while the reference side should 
contain a material that does not. Below each channel there is a sensor that registers the heat flow of the 
two sample holders and converts it to a signal. The signal from the reference is subtracted from the 
signal of the sample and a heat evolution curve is given. The twin channel system reduces noise and 
enhance the heat flow stability.[5] 

The heat evolution curve of Portland cement usually looks like figure 1. It starts with an initial peak (1) 
which is due to exothermic wetting and can also be influenced by rehydration of hemihydrate to 
gypsum. The initial peak is followed by a resting period (2). The main peak (3) is similar to the peak given 
in hydration of alite and comes from the formation of calcium silicate hydrate from alite. A small peak (4) 
is then shown, and it comes from the sulfate depletion during ettringite (Ca6Al2(SO4)3(OH)12*26H2O) 
formation. Then carbonate goes into ettringite instead of sulfate.[6] The initial and final setting times is 
generally believed to be on the early acceleration phase of the main peak although no studies have 
reported it.[7]  

 

Figure 1. Heat evolution curve of sample 170094. 

The rate of the hydration is largely impacted by the chemical composition of the cement and by the 
particle size distribution. When studying the strength of the pure clinker minerals it can be seen that alite 
and belite have a much higher impact on the strength than ferrite and aluminate. Alite does have a 
larger impact on the early strength, up to 28 days, while they have roughly the same impact after a 
year.[3] 



2.3.2 Calorimetric experiments 
Since the method for calorimetric analyses are for use of admix ampoules it will not be followed entirely. 
When admix ampoules are used all components enters the ampoule simultaneously while the ampoule is 
in the sample holder.[8] They are good for monitoring of the initial reactions which are not of interest in 
this study. Instead the components will be mixed before the ampoule enters the sample holder. 
Therefore the calorimetric method will be validated with a few experiments to analyze if the method is 
robust against minor changes. This can be changes in water temperature, water amount, mixing time or 
if the ampoule would be dropped while preparing a sample.  

2.4 Theories  
Ge et al.[9] presented a theory that the initial and final setting time could be predicted using the 
derivative from the heat evolution curve. As seen in figure 2, the initial setting time would be the highest 
value of the derivative curve and the final setting time would be where the derivative curve thereafter 
crosses zero. They also tested the initial and final setting time according to the method ASTM C403 and 
found relationships with R2-values of 0.95 for initial setting time and 0.96 for final setting time. They also 
found relationship between the strength of the material and the area under its heat evolution curve. 

 

Figure 2. Theoretical points on the derivative heat curve used to predict the initial and final setting time according to Ge et al. [9]. 

García-Casillas et al.[10] calculated formulas for predicting the 3, 7 and 28 days strength using 
multivariate equations. Their calculated strengths differed from the measured strengths with 4.53%, 
3.65% and 4.86% for 3, 7 and 28 days respectively. When the predicted strengths were correlated 
against the measured strengths they gave R2-values of 0.9989, 0.9975 and 0.9979 for 3, 7 and 28 days 
respectively. They mean that the 7 day strength is mostly affected by the alite/belite ratio, the LSF value 
and particle size distribution. The 28 day strength is mostly affected by the LSF value, the alite/belite 
ratio and the aluminate/ferrite ratio. They also write that the factors affecting the strength are strongly 
correlated and therefore it is not possible to use only one factor and create a prediction from it. 

Acharya and Patro[11] concluded that increasing free lime content combined with addition of 
ferrochrome ash decreased the setting time and increased the compressive strength mostly at early age. 
No study adding only free lime was found.  

  



3. Method description 
3.1 Cement preparation 

Samples of clinker have been collected continuously from the production during the autumn. Each 
sample consisted of three subsamples of 10-15 kg of clinker, collected from the production the same 
day, 1-1.5 hour apart. Each subsample was crushed to a size smaller than 10 mm in a jaw crusher. A jaw 
crusher has two vertical jaws making the shape of a v. One jaw is fixed while the other one rocks back 
and forth against it crushing the rocks in between. Each subsample was then divided using a riffle sample 
splitter. A riffle sample splitter divides the sample equally by sending it through a series of chutes into 
two collecting pans. One half of each subsample was put together to a sample. The sample was then 
divided into two fractions using the same riffle sample splitter. From one of the fractions, an archive 
sample was collected. The other fraction was crushed in a cone crusher to a size smaller than 1 mm. A 
cone crusher has a vertical cylindrical tube with a rotating cone inside that crushes the clinker to smaller 
and smaller sizes until it is small enough to fall down through the narrow opening at the bottom of the 
tube. The cone crusher also divided the sample which was collected in two pre-weighed buckets. The 
buckets, now containing sample, were weighed.  

The bucket containing less sample were divided using a smaller riffle sample splitter. The appropriate 
size of the riffle sample splitter is dependent of the particle size and amount of the sample. Half a 
deciliter of sample was transferred to a steel disc and ground in a disc mill. If the other bucket contained 
less than 4600g clinker, clinker was added to that bucket making its weight as close to 5000g as possible. 
If more clinker was added the bucket was weighed again. Both dihydrate and half hydrate gypsum was 
added to the clinker and the mix in the amount of 1.98 % each. The mix was homogenized using a spoon. 
A schematic picture of the clinker preparation process is shown in figure 3. 

 

Figure 3. Schematic picture of clinker preparation. The three subsamples (1, 2 and 3) are prepared into a sample (S). 



The mixture was poured in a ball mill, optimized for 5kg of clinker, and was milled until it had a particle 
size distribution (PSD) similar to the previously ground samples. For the first sample, a cement sample 
from the factory was used as a reference but the PSD could not be the same due to different grinding 
conditions. The sample was first ground for 96 minutes, then a subsample was analyzed using photon 
correlation spectroscopy to see the PSD. Depending on the distribution, the sample was either further 
ground for a certain time and a new subsample was taken, or it was ground with a grated lid for 7 
minutes resulting in the mill being emptied of cement. The ground cement sample was homogenized for 
10 minutes in a homogenizing apparatus and was then also analyzed with photon correlation 
spectroscopy to compare the final PSDs.  

3.2 Particle size distribution 
In the PSD-equipment a small amount of cement is dispersed in ethanol which is pumped into a cuvette. 
A laser beam is sent through the cuvette. By measuring how the laser beam is dispersed when it 
traveling through the cuvette, the PSD is calculated. The PSD measurements was performed in a Malvern 
Mastersizer 2000.[12] 

3.3 Sulfur analysis 
Both the ground clinker and the ground cement were analyzed for SO3 content using a carbon/sulfur 
analyzer of the model LECO CS230. Sample is weighed in a ceramic crucible and then two scoops of iron 
chip accelerator is added to facilitate the start of the combustion. Half a scoop of Lecocel III is also added 
to the crucible to facilitate the stop of the combustion. The crucible is put on a piston which is inserted 
into an oven. The oven heats up the sample combusting the total amount of sulfur and carbon which are 
measured using an IR detector. The analysis has a limit of detection of 0.006% and is calibrated using a 
calibration curve, monitor samples and calibration samples.[13] 

3.4 Loss of ignition 
Loss of Ignition was analyzed in a TGA 701 from Leco. It has an oven with a rotating sample holder which 
circles above a scale. After weighing the crucibles they are loaded with sample and the analysis is 
started. The temperature in the oven will increase stepwise to 950°C while the wheel rotates and 
continuously weighs the crucibles. The analysis is validated using standards from the National Bureau of 
Standards.[14] 

3.5 Free lime 
To analyze free lime, the clinker sample was mixed with standard sand and ethylene glycol. The mix is 
put in a heated water bath for 30 min and is then filtered. Methyl red and bromocresol are added and 
the filtrate is titrated using 0.1 molar hydrochloric acid. The amount of hydrochloric acid added at the 
end point is used as the result. The method has a precision of 0.02%.[15] 

3.6 XRF 
The sample which has been analyzed in TGA 701 was mixed with a flux and melted into a flat briquette. A 
flux is a component that helps the sample stick together.[16] The briquette is checked to see that it is flat 
and that all material has been dissolved. If the briquette looks good it is placed with the plane side down 
in a holder in the XRF of the type Axios Minerals. An analysis is started where the briquette minerals are 
excited and their fluorescence is measured. The uncertainty of the measurement is 0.321% for CaO, 
0.391% for SiO2, 0.749% for Al2O3 and 0.628% for Fe2O3. The samples are quantitated using a calibration 
curve containing samples from Cementa research and certified reference material.[17] 



3.7 Calorimetry 
3.7.1 Calorimetric analyses 

The cement heat production was analyzed using an isothermal calorimeter of the model TAM Air. The 
TAM Air has 16 chambers, 8 sample chambers with a reference chamber each. The reference ampoules 
contain water and should have the same heat capacity as the sample ampoules. Since the sample 
ampoules will contain 2.0g of clinker and 1.0g of water, the needed amount of water could be calculated 
using the known heat capacities for cement (0.80JK-1) and water (4.18JK-1). 

(2.0 ∗ 0.80) + (1.0 ∗ 4.18)
4.18

= 1.4𝑔𝑔 𝑤𝑤𝐶𝐶𝑡𝑡𝐹𝐹𝑡𝑡 

Deionized water, in the amount of 1.4 ml, was added to each reference ampoule which were then put in 
the reference chambers. The reference ampoules were stabilized until they reached a temperature of 
20°C. The sample ampoules were marked and cement was added to each ampoule. The lids were 
prepared with double-sided tape. An initial baseline was taken for 30 minutes before the measurement 
was started. Once the measurement had been started deionized water was pipetted into the first 
ampoule. The ampoule was sealed, vortexed for 5 seconds and was then inserted into the sample 
chamber using a marker pen stuck to the double-sided tape to get it down safely. The same procedure 
was executed for all the samples starting a minute apart so that whole minutes could be removed from 
the results. The samples were left in the calorimeter for 3 days and were then removed before an end 
baseline was taken. The baseline was then subtracted from the results. Each sample is analyzed in 
duplicates and the duplicates may differ by 6 J/g which is equal to about one standard deviation. If the 
duplicates differ more they should be reanalyzed.[8] 

3.7.2 Calorimetric experiments 
Since the calorimetric method did not follow an existing method in every step, a few experiments were 
performed on the calorimeter to see the robustness of the used method. The first experiment was done 
using different mixing times. Samples were vortexed either 3, 5, 8 or 10 seconds to see if the sample 
were properly mixed by those times.  

In the second experiment, the samples were prepared the usual way but before they were inserted into 
the chamber they were tilted so that the mix flowed up to the neck of the ampoule. Samples were tilted 
either 1, 2, 3 or 4 times in different directions. Since the energy is measured at the bottom of the 
ampoule this was done to see how much energy would be lost if an ampoule was dropped before 
insertion.  

Water stored in different environments were used in the third experiment. The usual deionized water 
(18.2MΩ) is stored in a refrigerator in a temperature of 20 ±0.5°C. A beaker containing deionized water 
was left in room temperature (20 ±2.0°C) for about 4 hours. A third beaker was filled with deionized 
water directly from the tap just before the samples were about to be inserted. The temperature of the 
water was checked before the analysis using an IR-thermometer. The refrigerated water had a 
temperature of 20.8°C, the room temperate water had a temperature of 22.0°C and the tap water had a 
temperature of 20.6°C. Two samples were prepared with each water type. During this run there was also 
a fourth double sample which was tilted in one direction. This since there was no reference of no tilting 
in the second experiment which means that the effect of the tilting could only be checked against other 
amounts of tilting. In this run the refrigerated water worked as a reference.  



In the fourth experiment, different amounts of water were used. Two samples were prepared with 0.95, 
1.00 or 1.05 ml of water to see if the amount of water did affect the results. 

3.8 X-ray diffractometry  
The clinker samples were also analyzed using X-Ray diffraction using a Philips X´pert. The radiation 
source of the XRD was Cu Kα1 and the sample holder spun 0.5 revs/minute. The sample was tilted 
between the angles 5 -70 2q in steps of 0.017 2q at a time. The sample was analyzed for a total time of 
52 minutes and the radiation was detected by an exelerator linear scanning detector. The results from 
the X-Ray diffraction was evaluated using Rietveldt evaluation in which the signal is interpreted to 
quantitate the minerals in the clinker.[18] 

3.9 Compressive strength 
To analyze the compressive strength of the cement, it was mixed with sand and water. The mix is cast in 
prisms with the dimensions 40x40x160 mm and they were stored for 24 hours in a cabinet with a 
temperature of 20.0 ± 1.0°C and a relative humidity of at least 90 %. The prisms that should be analyzed 
for 1 day were then divided in two. The six samples were put in a Tonicomp III where pressure was 
added on them to analyze how much pressure they could withstand. Other samples were after 20-24 
hours stored in a water bath with a temperature of 20.0 ± 1.0°C until it was time to analyze them in the 
Tonicomp III. The compressive strength was analyzed after 1, 2, 7 and 28 days. The reproducibility of the 
method is less than 6% and the repeatability is less than 3% for 28 day analysis.[19] 

3.10 Setting time 
The setting time of the cement was analyzed by mixing it with water. The cement paste was put in a Toni 
Compact which sank a rod into it every five minutes. The setting time was considered to be when the rod 
sank less than 34 mm into the cement paste. The uncertainty of the measurement is 4.2%.[20] 

3.11 Correlation analysis 
The results of the different analyses are plotted against each other two and two giving a plot with 14 
points. The linear trend line of the plot is drawn and its formula and R2-value are noted. A R2-value above 
0.7 is considered a good correlation.[21] 

3.12 Multivariate analysis 
Multivariate analysis was performed on the data. A principle component regression (PCR) analysis was 
performed by Mattias Bäckström. In the PCR analysis only the 28 day strength was used as a signal 
parameter while the mineral composition, mineral ratios, loss of ignition, SO3 content, particles passing a 
2µm sieve, particles passing a 32µm sieve, 2 day strength and 7 day strength were used as tuning 
parameters. A Pearson correlation matrix was performed by Stefan Karlsson. A Pearson correlation 
matrix shows correlations that are not just linear. It was used in combination with the multivariate 
analysis to see which parameters has the largest impact on 28 day strength 

A Partial least squares regression (PLS2) was performed by Mattias Bäckström. In the PLS2 analysis 1, 2, 7 
and 28 day strengths were used as signal parameters while mineral composition, alumina ratio, loss of 
ignition, SO3 content, particles passing a 2µm sieve and particles passing a 32µm sieve were used as 
tuning parameters. In both the PCR analysis and the PLS2 analysis, sample 170090 was removed since it 
has a low lime saturation factor due to bad conditions during the production. 



4. Results and discussion 
4.1 PSD 

As can be seen in figure 4, the cements were ground to similar PSDs and mostly differed at sizes below 
32µm. The large difference from the factory reference is mostly due to the different effects of the mills 
and since the mill used in the study does not have a separator. A separator filters out the particles which 
are larger than desired and sends them back to the beginning of the mill. 

 

Figure 4. Curve showing how large fraction of all samples that passes a sieve with an unknown cut-off. A reference cement 
sample from the factory is included. 
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4.2 Sulfur analysis, loss of ignition, free lime and XRF 
As can be seen in the results in table 1, the SO3 level is below 4% in all samples which means that there is 
no unnecessary gypsum added. All mineral ratios are within the ranges they should be except for the 
lime saturation factor for sample 170090 which is below 92.  

Table 1. Results of sulfur analysis, loss of ignition, free lime and XRF analysis. Abbreviations used: SD – Standard deviation, RSD – 
Relative standard deviation, LSF –lime saturation factor, SR – silica ratio, AR – alumina ratio. 

Sample SO3 SO3 SO3 Loss of ignition Free lime XRF with Bogue-calculation 
  (%) SD RSD (%) (%) LSF SR AR 

170090 3.27 0.032 0.97 0.19 0.45 89.5 2.59 1.56 
170092 2.83 0.037 1.31 0.30 1.00 95.8 2.92 1.37 
170093 2.76 0.044 1.59 0.24 0.88 94.1 2.99 1.38 
170095 2.96 0.0053 0.18 0.32 0.88 95.8 2.96 1.48 
170096 3.35 0.021 0.63 0.41 0.91 95.0 2.51 1.40 
170097 3.22 0.035 1.08 0.27 0.64 97.2 2.42 1.43 
170098 3.44 0.030 0.87 0.57 2.05 96.6 2.47 1.45 
170099 3.09 0.042 1.36 0.42 1.01 97.5 2.47 1.42 
170100 3.17 0.022 0.70 0.23 0.91 95.7 2.26 1.09 
170101 3.33 0.0063 0.19 0.35 1.42 95.5 2.55 1.49 
170102 3.66 0.0085 0.23 0.43 1.92 98.0 2.60 1.60 
170103 3.19 0.032 1.01 0.36 1.12 98.3 2.50 1.41 
170218 3.12 0.040 1.28 0.31 1.03 97.8 2.54 1.43 
170219 3.31 0.014 0.43 0.17 0.64 92.7 2.84 1.39 

  



4.3 Calorimetric analyses 
The results from the calorimetric analyses are shown in table 2. All results seem to be within a 
reasonable range.    

Table 2. Results from calorimetric analyses. 

Sample 1 day  2 days 3 days Main peak height Main peak start Derivative peak end 
  (J/g)  (J/g) (J/g)  (mW/g) (h) (h) 

170090 191  269 298 3.00 1.68 9.15 
170092 204  278 311 3.11 0.97 9.05 
170093 194  267 300 2.97 1.24 8.97 
170095 195  269 306 3.10 1.25 8.93 
170096 213  283 316 3.19 1.09 8.87 
170097 207  284 321 3.07 1.49 9.63 
170098 230  295 324 3.39 0.80 7.48 
170099 213  287 324 3.19 0.86 8.35 
170100 214  287 324 3.35 1.53 9.08 
170101 234  300 331 3.63 0.88 7.98 
170102 254  319 348 4.04 0.81 6.48 
170103 217  290 327 3.37 1.00 8.93 
170218 214  287 325 3.26 1.03 9.19 
170219 189  261 294 2.95 1.58 9.26 

4.4 XRD 
The results from the XRD analyses are shown in table 3. The results range a bit but the only sample with 
bad results is 170090 which have a low percentage of alite and a high percentage of belite. These results 
and the low saturation factor shows in table 1 are probably due to bad conditions during the production.   

Table 3. Results from XRD analysis. 

Sample Alite (%) Belite (%) Ferrite (%) Aluminate (%) MgO (%) Alkali (%) 
170090 55.3 27.8 10.6 3.7 1.2 1.4 
170092 72.4 11.4 10.0 3.6 1.4 1.2 
170093 70.8 13.2 9.7 3.7 1.1 1.2 
170095 72.2 11.3 10.5 3.4 1.1 1.3 
170096 67.5 12.8 9.7 5.7 2.3 1.8 
170097 70.5 10.1 9.2 5.9 2.1 1.9 
170098 61.8 17.0 10.1 5.8 2.7 1.9 
170099 71.2 10.1 8.4 6.4 2.0 1.5 
170100 72.4 9.1 8.4 5.6 2.2 1.6 
170101 66.9 14.3 8.1 5.8 2.2 1.4 
170102 69.0 11.9 8.3 5.1 2.1 1.9 
170103 72.7 9.1 9.0 5.4 1.9 1.3 
170218 71.6 10.0 8.9 5.5 2.2 1.3 
170219 65.2 18.7 9.8 3.2 1.4 1.6 

 



4.5 Compressive strength and setting time 
The results of the analysis for the 28 days compressive strength in table 4 are incomplete since some 
cement samples were cast too late to have the analysis finished. The 28 day strengths of 170093 and 
170103 were taken after 29 days and 0.5 MPa has been subtracted to correct for the extra day. 

Table 4. Results from compressive strength and setting time. 

Sample 1 day 
Std.dev. 

1 day 2 days 
Std. Dev. 

2days 7 days 
Std. Dev. 

7days 28 days 
Std. Dev. 
28 days 

Setting 
time 

  (MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (min) 
170090 15.0 0.2 23.3 0.3 40.1 0.6 57.5 1.4 165 
170092 16.6 0.3 31.7 0.6 45.2 0.4 60.1 0.7 125 
170093 14.2 0.1 28.7 0.6 43.7 0.5 56.5 0.6 135 
170095 15.5 0.3 30.0 0.2 46.3 0.5 59.7 0.6 125 
170096 20.9 0.3 34.7 0.4 46.7 0.5 54.0 0.5 120 
170097 18.1 0.2 32.5 0.6 44.5 1.0 55.4 0.5 145 
170098 23.3 0.2 32.8 0.5 42.1 0.9 51.9 0.4 90 
170099 18.3 0.2 33.2 0.4 45.6 0.8 56.2 0.7 110 
170100 19.8 0.3 35.2 0.4 50.3 0.9 57.6 0.6 150 
170101 25.4 0.3 36.0 0.3 46.4 0.5 56.0 0.5 90 
170102 29.3 0.3 40.6 0.5 50.2 0.6 57.2 1.2 80 
170103 20.7 0.3 34.9 0.8 46.9 0.8 57.8 0.8 115 
170218 19.6 0.2 33.2 0.2 46.7 0.6     132 
170219 14.8 0.3 27.3 0.3 42.1 0.5     170 

 

4.6 Correlation analysis 
The results from table 1-4 were used to make correlation analyses as described in section 3.9 and the 
results from the correlation analyses can be seen in table 5-7. The formula of the trend curve is included 
in the results to show if an increase in the x-axis parameter increases or decreases the y-axis parameter. 
The results of the correlation analysis showed 9 good correlations, marked with red in table 5-7 and 5 
correlations with an R2-value between 0.6 and 0.7 marked with blue in table 5-7.  

  



Table 5. Plotted parameters and the formula and R2-value of their trend line, part 1. Correlations with an R2-value above 0.7 are 
marked with red and correlations between 0.6-0.7 are marked with blue. 

X-axle parameter Y-axle parameter Formula of trend curve R2-value 
Strength 1 day (MPa) Heat evolution 1 day (J/g) Y = 4.1x + 130 0.97 
Strength 2 days (MPa) Heat evolution 2 days (J/g) Y = 3.2x + 180 0.78 
Strength 2 days (MPa) Heat evolution 3 days (J/g) Y = 3.2x + 210 0.86 
Strength 7 days (MPa) Heat evolution 3 days (J/g) Y = 3.6x + 150 0.50 

Strength 28 days (MPa) Heat evolution 3 days (J/g) y = -1.4x + 400 0.054 
Alite content (%) Strength 1 day (MPa) y = 0.018x + 18 0.0004 
Alite content (%) Strength 2 days (MPa) y = 0.42x + 3.4 0.25 
Alite content (%) Strength 7 days (MPa) y = 0.40x + 18 0.48 
Alite content (%) Strength 28 days (MPa) y = 0.18x + 44 0.17 
Alite content (%) Setting time (min) y = -0.94x + 190 0.030 
Alite content (%) Heat evolution 1 day (J/g) y = 0.34x + 190 0.0088 
Alite content (%) Heat evolution 2 days (J/g) y = 0.40x + 260 0.017 
Alite content (%) Heat evolution 3 days (J/g) y = 0.91x + 260 0.10 

Belite content (%) Strength 1 day (MPa) y = -0.21x + 22 0.059 
Belite content (%) Strength 2 days (MPa) y = -0.57x + 40 0.47 
Belite content (%) Strength 7 days (MPa) y = -0.43x + 51 0.58 
Belite content (%) Strength 28 days (MPa) y = -0.074x + 58 0.028 
Belite content (%) Setting time (min) y = 1.9x + 100 0.12 
Belite content (%) Heat evolution 1 day (J/g) y = -1.1x + 230 0.10 
Belite content (%) Heat evolution 2 days (J/g) y = -1.0x + 300 0.12 
Belite content (%) Heat evolution 3 days (J/g) y = -1.5x + 340 0.27 

Aluminate content (%) Strength 1 day (MPa) y = 2.4x + 7.7 0.38 
Aluminate content (%) Strength 2 days (MPa) y = 2.5x + 20 0.44 
Aluminate content (%) Strength 7 days (MPa) y = 1.1x + 40 0.17 
Aluminate content (%) Strength 28 days (MPa) y = -1.3x + 63 0.42 
Aluminate content (%) Setting time (min) y = -12x + 180 0.25 
Aluminate content (%) Heat evolution 1 day (J/g) y = 10x + 160 0.41 
Aluminate content (%) Heat evolution 2 days (J/g) y = 9.1x + 240 0.46 
Aluminate content (%) Heat evolution 3 days (J/g) y = 9.7x + 270 0.56 

Ferrite content (%) Strength 1 day (MPa) y = -3.3x + 50 0.39 
Ferrite content (%) Strength 2 days (MPa) y = -3.8x + 68 0.58 
Ferrite content (%) Strength 7 days (MPa) y = -2.4x + 68 0.49 
Ferrite content (%) Strength 28 days (MPa) y = 0.21x + 55 0.0067 
Ferrite content (%) Setting time (min) y = 14x - 2.3 0.18 
Ferrite content (%) Heat evolution 1 day (J/g) y = -14x + 340 0.43 
Ferrite content (%) Heat evolution 2 days (J/g) y = -12x + 400 0.48 
Ferrite content (%) Heat evolution 3 days (J/g) y = -13x + 440 0.59 

 
  



Table 6. Plotted parameters and the formula and R2-value of their trend line, part 2. Correlations with an R2-value above 0.7 are 
marked with red and correlations between 0.6-0.7 are marked with blue. 

X-axle parameter Y-axle parameter Formula of trend curve R2-value 
MgO content (%) Strength 1 day (MPa) y = 6.3x + 7.8 0.54 
MgO content (%) Strength 2 days (MPa) y = 5.7x + 22 0.48 
MgO content (%) Strength 7 days (MPa) y = 2.1x + 42 0.13 
MgO content (%) Strength 28 days (MPa) y = -3.1x + 62 0.53 
MgO content (%) Setting time (min) y = -28x + 180 0.28 
MgO content (%) Heat evolution 1 day (J/g) y = 26x + 160 0.54 
MgO content (%) Heat evolution 2 days (J/g) y = 21x + 240 0.52 
MgO content (%) Heat evolution 3 days (J/g) y = 21x + 280 0.55 
Alkali content (%) Strength 1 day (MPa) y = 8.6x + 6.3 0.27 
Alkali content (%) Strength 2 days (MPa) y = 6.2x + 23 0.15 
Alkali content (%) Strength 7 days (MPa) y = 1.1x + 44 0.011 
Alkali content (%) Strength 28 days (MPa) y = -5.6x + 65 0.47 
Alkali content (%) Setting time (min) y = -24x + 160 0.053 
SO3 content (%) Strength 1 day (MPa) y = 12x + 3.0 0.56 
SO3 content (%) Strength 2 days (MPa) y = 7.3x + 23 0.21 
SO3 content (%) Strength 7 days (MPa) y = 2.3x + 42 0.045 
SO3 content (%) Strength 28 days (MPa) y = -3.5x + 61 0.20 
SO3 content (%) Setting time (min) y = -35x + 170 0.12 
SO3 content (%) Heat evolution 1 day (J/g) y = 46x + 150 0.46 
SO3 content (%) Heat evolution 2 days (J/g) y = 37x + 230 0.44 
SO3 content (%) Heat evolution 3 days (J/g) y = 31x + 280 0.32 

Lime saturation factor Strength 1 day (MPa) y = 0.98x - 75 0.29 
Lime saturation factor Strength 2 days (MPa) y = 1.4x - 100 0.64 
Lime saturation factor Strength 7 days (MPa) y = 0.79x - 30 0.43 
Lime saturation factor Strength 28 days (MPa) y = -0.083x + 65 0.0074 
Lime saturation factor Setting time (min) y = -7.2x + 820 0.40 
Lime saturation factor Heat evolution 1 day (J/g) y = 4.7x - 240 0.38 
Lime saturation factor Heat evolution 2 days (J/g) y = 4.1x - 110 0.42 
Lime saturation factor Heat evolution 3 days (J/g) y = 4.7x - 130 0.59 

Silica ratio Strength 1 day (MPa) y = -9.7x + 45 0.24 
Silica ratio Strength 2 days (MPa) y = -8.5x + 55 0.20 
Silica ratio Strength 7 days (MPa) y = -4.1x + 56 0.10 
Silica ratio Strength 28 days (MPa) y = 4.9x + 44 0.25 
Silica ratio Setting time (min) y = 18x + 79 0.021 
Silica ratio Heat evolution 1 day (J/g) y = -39x + 310 0.23 
Silica ratio Heat evolution 2 days (J/g) y = -37x + 380 0.29 
Silica ratio Heat evolution 3 days (J/g) y = -38x + 420 0.34 

 
  



Table 7. Plotted parameters and the formula and R2-value of their trend line, part 3. Correlations with an R2-value above 0.7 are 
marked with red and correlations between 0.6-0.7 are marked with blue. 

X-axle parameter Y-axle parameter Formula of trend curve R2-value 
Aluminum ratio Strength 1 day (MPa) y = 10x + 5.1 0.072 
Aluminum ratio Strength 2 days (MPa) y = -1.9x + 35 0.0027 
Aluminum ratio Strength 7 days (MPa) y = -7.6x + 56 0.093 
Aluminum ratio Strength 28 days (MPa) y = -1.4x + 59 0.0058 
Aluminum ratio Setting time (min) y = -88x + 250 0.14 
Aluminum ratio Heat evolution 1 day (J/g) y = 39x + 160 0.061 
Aluminum ratio Heat evolution 2 days (J/g) y = 31x + 240 0.057 
Aluminum ratio Heat evolution 3 days (J/g) y = 16x + 300 0.016 

Setting time (min) Start of main peak (h) y = 0.010x - 0.14 0.86 
Setting time (min) Maximum  of main derivative peak (h) y = 0.024x + 1.53 0.84 
Setting time (min) End of main derivative peak (h) y = 0.026x + 5.5 0.70 

Free CaO (%) Strength 1 day (MPa) y = 7.9x + 11 0.68 
Free CaO (%) Strength 2 days (MPa) y = 6.3x + 26 0.46 
Free CaO (%) Strength 7 days (MPa) y = 2.0x + 43 0.10 
Free CaO (%) Strength 28 days (MPa) y = -1.9x + 59 0.17 
Free CaO (%) Setting time (min) y = -53x + 180 0.78 
Free CaO (%) Heat evolution 1 day (J/g) y = 35x + 180 0.75 
Free CaO (%) Heat evolution 2 days (J/g) y = 26x + 260 0.63 
Free CaO (%) Heat evolution 3 days (J/g) y = 23x + 290 0.52 

Particles passing 2µm (%) Strength 1 day (MPa) y = 2.8x + 9.8 0.60 
Particles passing 2µm (%) Strength 2 days (MPa) y = 2.4x + 24 0.47 
Particles passing 2µm (%) Strength 7 days (MPa) y = 1.0x + 42 0.19 
Particles passing 2µm (%) Strength 28 days (MPa) y = -0.41x + 58 0.052 
Particles passing 2µm (%) Setting time (min) y = -19x + 190 0.74 
Particles passing 2µm (%) Heat evolution 1 day (J/g) y = 12x + 170 0.66 
Particles passing 2µm (%) Heat evolution 2 days (J/g) y = 9.1x + 250 0.54 
Particles passing 2µm (%) Heat evolution 3 days (J/g) y = 8.2x + 290 0.47 

Particles passing 32µm (%) Strength 1 day (MPa) y = 1.3x - 77 0.20 
Particles passing 32µm (%) Strength 2 days (MPa) y = 0.95x - 37 0.11 
Particles passing 32µm (%) Strength 7 days (MPa) y = 0.66x - 2.5 0.11 
Particles passing 32µm (%) Strength 28 days (MPa) y = 0.56x + 16 0.14 
Particles passing 32µm (%) Setting time (min) y = -3.9x + 410 0.045 
Particles passing 32µm (%) Heat evolution 1 day (J/g) y = 4.5x - 6.3 0.20 
Particles passing 32µm (%) Heat evolution 2 days (J/g) y = 5.0x - 77 0.24 
Particles passing 32µm (%) Heat evolution 3 days (J/g) y = 5.3x - 170 0.19 

Alite/Belite ratio  Strength 7 days (MPa) y = 0.48x + 54 0.14 
Alite/Belite ratio  Strength 28 days (MPa) y = 0.46x + 54 0.13 

Aluminate/Ferrite ratio Strength 7 days (MPa) y = 9.9x + 40 0.28 
Aluminate/Ferrite ratio Strength 28 days (MPa) y = -7.0x + 61 0.23 



The strength after 1 day showed a good correlation (R2 = 0.97) with the 1 day heat evolution. This is 
expected since it is the same reaction and more heat means that it has reacted more which gives 
increased strength. It is however strange that the 2 day strength shows a better correlation to the 3 day 
heat evolution (R2 = 0.86) than the 2 day heat evolution (R2 = 0.78). I do believe that the 2 day heat 
evolution should have a better correlation and I have no explanation why it has not. The 3 day heat 
evolution does not correlate with the 7 day strength (R2 = 0.50) so a 7 day heat evolution is needed for a 
possible correlation to it and maybe the 28 day strength. Ge et al.[9] found a relationship between the 
strength of the material and the area under its heat evolution curve. The area under the heat evolution 
curve is proportional to the heat evolution with a R2-value of 1. This means that my study confirms their 
results for 1 and 2 day strengths.  

The setting time does show a correlation with the start of the main peak (R2 = 0.86), the maximum of the 
main derivative peak (R2 = 0.84) and the end of the main derivative peak (R2 = 0.70). The correlation with 
the main peak start is because there is a shorter resting period which means that the reaction starts 
earlier and the cement can set earlier. The correlation to the maximum of the derivative peak 
corresponds to the theory of Ge et al.[9] where it is referred to as the initial setting time. They had a 
correlation with an R2-value of 0.95 while the result in this study was 0.84 but it seems that their theory 
is correct. The final setting time is not measured at Cementa Research but the weak correlation between 
the end of the main derivative peak and the setting time might support that there is a correlation to the 
final setting time. 

Free lime correlated to setting time (R2 = 0.78), 1 day heat evolution (R2 = 0.75) and weakly to 1 day 
strength (R2 = 0.68) and 2 day heat evolution (R2 = 0.63). As seen from the trend line formulas, more free 
lime gives a shorter setting time and increases the 1 day strength and 1 and 2 day heat evolution. The 
effect of the free lime was larger after 1 and 2 days which is consistent with the research of Acharya and 
Patro.[11] Increased free lime did have a negative effect on the 28 day strength while their research 
showed a positive effect. It might be explained by the ferrochrome ash which was not added in this 
study. 

The amount of 2µm particles in the cement do only seem to have a small impact of the setting time (R2 = 
0.74), the 1 day strength (R2 = 0.60) and the 1 day heat evolution (R2 = 0.66).  With more small particles, 
the cement has a larger surface area to react with which increases the heat evolution and strength while 
the setting time decreases. 

As García-Casillas et al.[10] predicted, none of the minerals or ratios have a correlation to strength, heat 
evolution or setting time. This means that more than one condition probably has to be changed to 
counteract a decreasing cement quality. A good way to continue this study could be by using the 
equation that they have developed to see if it does fit for the cements produced in Slite.  

A lot of the correlations also showed better R2-values when the low alkali clinker was included so if there 
was a study using both types of clinker it might give a better result. The question is in that case if the 
results would be applicable to the individual types of clinker since no correlations are shown here.   



A next step in the research could also be to correlate the clinker minerals to the different cements that 
are produced in the factory. It might be found that the minerals correlate better with the cement when it 
contains pozzolans. This would also be a step toward finding a method to use if the production should be 
managed depending on the clinker analyses. Other parameters might also be used, for example 7 day 
heat evolution probably correlates better to at least 7 day strength but maybe it also shows a good 
correlation to 28 day strength. 

4.7 Multivariate analysis 
From the results of the PCR analysis in figure 5 it can be seen that there is not many parameters around 
the 28 day strength, showing a strong correlation to it. There is only alite which is closest. When the 
three parameters showing the least correlation in the Pearson correlation matrix, seen in table 8, was 
removed from the multivariate analysis, the results were slightly worsened. When the three parameters 
with the best correlation in the Pearson correlation matrix were removed, the results became better. 
This shows that the parameters covary a lot and that there is a need for more data to get a better result 
from the multivariate analysis. 

 

Figure 5. Correlations between parameters from the PCR analysis. Abbreviations used: C3S – alite, C2S – belite, C4A – ferrite, C3A 
– aluminate, LSF –lime saturation factor, SR – silica ratio, AR – alumina ratio, 32u – particles passing a 32µm sieve, 2u – particles 
passing a 2µm sieve, LOI – loss of ignition, Tot – alkali, 28d – 28 day strength, 7d – 7 day strength, 2d – 2 day strength. 

  



Table 8. A Pearson correlation matrix showing each parameters correlation to the 28 day strength in R-value. The three 
parameters with the highest R2-values are colored green and the three parameters with the lowest R2-values are colored red. 
Abbreviations used: LSF – lime saturation factor, SR – silica ratio, AR – alumina ratio. 

 28 day strength 
1 day strength -0.326 
2 day strength -0.125 
7 day strength 0.283 
Setting time 0.272 

SO3 -0.522 
1 day heat evolution -0.299 
2 day heat evolution -0.221 
3 day heat evolution -0.147 

Particles passing 2µm sieve -0.192 
Particles passing 32µm sieve 0.412 

Loss of ignition -0.518 
Free lime -0.376 

LSF 0.003 
SR 0.424 
AR -0.065 
Alite 0.438 
Belite -0.211 
Ferrite 0.032 

Aluminate -0.501 
Alkali -0.706 
MgO -0.608 

 

The result from the PLS2 analysis in figure 6 also shows that only alite is near the 28 day strength 
showing a correlation. The results also show that most of the parameters have larger impact on the 1 
and 2 day strengths while particles passing a 32µm sieve seem to have a larger impact on 7 day strength. 
The PLS2 model could predict the 28 day strength with a Q-value of 0.77 which gives a Q2-value of 0.59. I 
think that this supports that more data is needed for a multivariate analysis. 



 

Figure 6. Correlations between parameters from the PLS2 analysis. Abbreviations used: C3S – alite, C2S – belite, C4A – ferrite, 
C3A – aluminate, AR – alumina ratio, 32u – particles passing a 32µm sieve, 2u – particles passing a 2µm sieve, LOI – loss of 
ignition, 28d – 28 day strength, 7d – 7 day strength, 2d – 2 day strength, 1d – 1 day strength. 

More data could probably give better answers to which parameters that influences the 28 day strength 
mostly and could be used to predict it. There could also be other parameters that would give better 
correlations. Although for the prediction to be useful in the cement production it should be based on the 
XRD-results. With more data maybe a prediction using the XRD-results could be developed. Another way 
to continue with this research could also be to use the spectra from the XRD to try to find a way to 
predict the 28 day strength. 

4.8 Calorimetric experiments 
The experiment with different mixing times in table 9 showed that the result of the different mixing 
times differed by 3 J/g. Since the calorimetric standard allows for a variation of 6 J/g this difference is not 
significant and the method seems to be robust against changes in mixing time. 

Table 9. Heat of hydration after 3 days of samples which were mixed 3, 5, 8 or 10 seconds prior to insertion into calorimeter. 

 
3s 5s 8s 10s 

3 days heat evolution (J/g) 286 288 289 289 
 

The tilting experiment in table 10 shows that tilting the ampoule increases the heat evolution instead of 
decreasing it. Looking at the initial peak of the heat evolution curves of the tilted samples in figure 7 
shows that tilting the ampoule more releases more energy in the start of the reaction. After the initial 
peak the sample which is tilted more has a decreased heat evolution. The increased energy release of 
the tilted samples could be due to an increased water to cement ratio after cement sticking to the walls 
of the ampoule. If the sample is tilted one or two times it does not have a significant impact but if the 
cement comes on all of the walls, the sample should be reanalyzed.  

Table 10. Heat of hydration after 3 days of samples which were tilted 1, 2, 3 or 4 times prior to insertion into calorimeter. 

 
Tilted 1 time Tilted 2 times Tilted 3 times Tilted 4 times 

3 days heat evolution (J/g) 291 292 295 298 



 

 

Figure 7. Initial peak of the heat evolution curve of tilted samples. 

The different waters used in table 11 shows that the temperature of the water does not have a 
significant impact. However, this experiment should be done with more controlled temperatures that 
have a greater variety. In this experiment the temperatures only differed with 1.4°C while they are 
allowed to differ with 4°C (20±2°C). If the temperatures where set to 18, 20 and 22°C it might have a 
greater impact on the heat evolution.  

Table 11. Heat of hydration after 3 days of samples with different water used and one sample which were tilted one time. 

 
Tap water Room temp water Refrigerated water Tilted 1 time 

3 days heat evolution (J/g) 301 303 304 305 
 

Different water amounts do not have an impact according to the results in table 12. A volume of 1.00 ml 
should be used for more accurate results but a bubble in the pipette seems to be of little significance. 

Table 12. Heat of hydration after 3 days of samples with different amounts of water. 

 
0.95ml 1.00ml 1.05ml 

3 days heat evolution (J/g) 287 289 290 
 

The method used seems to be robust in the factors that have been experimented with. If the count is 
lost while vortexing it is better to vortex some extra seconds. If the ampoule is dropped, the result will 
increase instead of decreasing and it should be taken into account or the sample should be reanalyzed. 
Leaving the water out of the refrigerator does not seem to impact the results. Getting a bubble in the 
pipette is not good and should be avoided but it does not affect the results significantly. 
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5. Conclusions 
Results from this study show that no clinker mineral or module has a correlation to the strength, setting 
time or heat evolution and that more than one parameter must be used to find correlations. The results 
are all according to the existing research. No correlation between any clinker mineral or module and 
heat evolution has been found.  

More data is needed for a multivariate analysis. 

The method used for calorimetric analysis of cement seems to be robust. Mixing time should not be 
shorter than 5 seconds, refrigerated water in right amount should be used and tilting should be noted. 
Small changes are manageable but should always be noted to be sure.  
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