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SAMMANFATTNING 

Autogen krympning är den fria kontraktionen av en betongkropp under betongens 

hydratation, undantaget deformationerna som orsakas av termiska rörelser och fuktutbyte med 

betongkroppens omgivning. För betonger med lägre vct(låg andel blandningsvatten i 

förhållande till cement) är autogen krympning starkt bidragande till risken för sprickbildning i 

ung betong.  

Det finns existerande modeller (modell I och II) för beräkning av autogen krympning 

utvecklade på LTU (Luleå Tekniska Universitet), men modellernas riktighet kan betvivlas då 

de inte har testats om de håller för olika temperaturutvecklingar. Målet med detta exjobb är 

därför att kontrollera, eller ge underlag för om gällande modeller håller eller inte. Samt om 

temperaturutvecklingen påverkar magnituden på den autogena krympningen och dessutom 

utvärderas testmetoden som sådan för utvärdering av autogen krympning. 

För att få förståelse för problemet har en litteraturstudie genomförts över autogen krympning, 

relaterade fenomen och existerande modeller. Försök har sedan utförts på den nya 

Basbetongen ”BAS2” genom deformationsmätningar och mätningar av relativ fuktighet med 

flera olika temperaturutvecklingar. Relativ fuktighet har relevans då självuttorkning är en 

starkt bidragande faktor till magnituden på autogen krympning. Gällande modeller används 

sen för att tolka mätresultatet och analysera det. 

Resultaten från mätningarna av autogen krympning visar att modell II utvecklad på LTU 

fungerar betydligt bättre än model I, och att en bra individuell anpassning är möjlig för alla 

olika temperatur-utvecklingar individuellt. Det är dock inte möjligt att med endast en 

uppsättning parametrar få bra anpassning för alla testade temperaturutvecklingar, speciellt för 

de med låg temperatur. Den dåliga anpassningen verkar dock mer bero på att den termiska 

deformationen uppvisar olika egenskaper vid de olika testerna, än att den autogena 

krympningen nödvändigtvis beskrivs fel. Jämförelse av den autogena krympningen mellan de 

olika testerna tyder också på att den autogena krympningen ökar med ökande temperatur och 

minskar med lägre temperatur, även efter att mognadsgraden har tagits i beaktande. 

Mätningarna av relativ fuktighet anses ha stor felmarginal, men det resultat som oppmättes 

tyder på att självutorkningen ökar med lägre temperatur och minskar med högre.  

De slutsatser som kan dras är att modell II är bäst lämpad för att beskriva autogen krympning, 

men att den behöver justeras för att bli bättre. Troligtvis är det hur den termiska 

deformationen beräknas som behöver ändras. Testutrustningen borde utökas med fler 

töjningsmätare och fler test än på nuvarande två prover måste utföras för att kunna göra en 

utvärdering som på ett riktigt sätt beskriver autogen krympning vid olika 

temperaturutvecklingar. Möjligtvis borde ett test göras för att bestämma de termiska 

egenskaperna. Storleken på den autogena krympningen påverkas av vilken temperatur 

betongen utsätts för, även efter att mognadsgraden tas hänsyn till. 
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ABSTRACT  

Basic shrinkage is the free contraction of a concrete body during the hydration of concrete, 

with exception of the movements caused by thermal dilation and moisture-exchange with the 

concrete body’s surrounding environment. For concretes with low w/s-ratios (low amount of 

blending water compared to cement), basic shrinkage is an significant factor concerning 

crack-risks in young concrete. 

There exist two models for calculation of basic shrinkage that has been developed at LTU 

(Luleå University of Technology) based on the maturity concept, but their accuracy can be 

questioned as they have not been tested against different temperature developments. The goal 

for this master thesis is, therefore, to control, or give a basis for, if these models are accurate 

or not, and if the temperature development affects the magnitude of basic shrinkage or not 

regarding the tested concrete. The used test method itself is also evaluated. 

To get a understanding for the problem a literature study was done about basic shrinkage, 

related phenomenon and existing models used at LTU. Tests have then been performed on the 

new base concrete “BAS2” through measurements of shrinkage and relative humidity done 

with several different temperature developments. Relative humidity has relevance as self-

desiccation is a strongly contributing factor to the magnitude of the basic shrinkage. The 

existing models are then used to interpret and analyze the measured results.  

The results from measurement  of shrinkage show that the second model that has been 

developed at LTU works significantly better than the first, and that good individual fitting is 

possible for all temperature developments individually. However, it is not possible to get one 

good fitting for all temperature developments, especially at low temperatures. The “bad” 

fitting seems to be more because of that the thermal dilation shows different properties at the 

different tests, rather than that the basic shrinkage necessarily is described wrong. 

Comparison of the basic shrinkage between the different tests also indicates that the basic 

shrinkage is increased with higher temperatures and decreased with lower, even after maturity 

has been considered. The relative humidity measurements are considered to be subjected to 

large margin of errors, but the received results points to trend that the rate of self-desiccation 

is higher at lower temperatures. 

The conclusions that can be made is that model II is best suited to describe basic shrinkage, 

but it has to be adjusted to be better, probably it’s how the thermal dilation is calculated that 

needs changing. The test equipment should be equipped with another strain gauge and more 

tests than on the current two samples must be performed to be able to make an evaluation that 

accurately describes basic shrinkage at different temperature developments. There should 

possibly be a test performed to determine thermal properties. The magnitude of basic 

shrinkage is affected by which temperature the concrete is exposed to, even after maturity has 

been considered.
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1 INTRODUCTION 

1.1 Background and identification of problem 

Concrete in the hardening phase (the period when concrete attains mechanical properties) will 

generate stresses if the movements caused by hydration are restrained. There are two active 

mechanisms producing movement: thermal dilation (TD) and Basic shrinkage (BS). 

At LTU, several works have been carried out about the subject, e.g. by Fjällström (2013) and 

Hedlund (2000), but these works has been carried out with the same type of testing, regarding 

the temperature developments, with one isothermal at about 20⁰C and one realistic simulation 

an 0,7m thick wall. As not more tests has been carried out with several different temperature 

developments for a single concrete recipe, eventual temperature dependency of BS has not 

been taken into account. Other works that can be mentioned is by Bjøntegaard (1999), 

Slatnick (2011) and Lura (2001, 2003). 

Traditionally, when considering crack-risks in young concrete, only thermal dilation has been 

taken into account. This may have been satisfactory for normal concrete types, but for more 

modern concretes, especially high strength concretes with relatively small amounts of mixing 

water (low w/c ratios) BS will be a significant factor to be counted with. This is mainly 

because of greater influence of self-desiccation. The consequence of this stress generation is 

sometimes severe cracking and subsequent expensive repair costs. 

The total deformation from TD and BS are easily measured. The division between TD and BS 

can unfortunately be difficult to implement. And some test-results indicate that the 

development of BS is highly temperature dependent, making it difficult to use a simple 

maturity-concept to describe it (Bjøntegaard, 1999). At LTU, there exist models for 

calculation of BS based on the maturity concept. These model parameters is fitted against a 

standard test where deformation is measured at two moist sealed concrete samples, one held 

at room temperature (20ºC) and one simulating the temperature development of an 0,7m thick 

wall. The resulting model with fitted parameters is then used to calculate basic shrinkage real 

structures. The accuracy of these models may be doubted, explicitly if they are accurate for 

different temperature variations. 

The lack of any realistic model for BS is unsatisfactory from a calculation point-of-view. 

Because of that a stress calculation procedure applicable to any temperature development 

requires a general maturity based model for both BS and TD, in order to avoid many costly 

and time consuming experiments. There is therefore a need for further testing and research 

into this area so that we can get more understanding of BS, test accuracy of existing models 

and, by extension, to create more realistic models if needed. 

This Master thesis can be seen as the first step in a project at LTU, which is performed as a 

complementation and further development of an important area highlighted in the final phase 

of a Nordic research project (Crack-Free-Con). It will therefore act as a basis for further 

research.  
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1.2 Aim 

The aim is to, by performing controlled tests at several different temperature sequences, see 

what happens with the concrete with aspect to BS and provide a basis for models to be able to 

describe and predict BS. The problem is important because earlier studies indicate that current 

models are not satisfactory at more complex temperature variations (Fjellström, 2013). 

Hopefully this will lead to the creation of realistic models which can be applied in theoretical 

studies of crack-risks in concrete, and highlight its importance in appliance of said model for 

a number of real structures. 

1.3 Scope 

Tests will be carried out on the new Swedish base cement (Cementa, 2013). So even though 

the test-time is limited, and therefore limited types of cements can be tested, results can be 

describe the behavior of BS in a large part of the production of Swedish concrete. Four tests 

has been performed on one recipe of concrete. 

1.4 Research questions 

This thesis aims to answer the following research questions: 

1. Do the current models, used at LTU for calculation of BS, hold for different 

temperature developments? If not, can they be modified to do so? 

2. Is the current test method suitable for evaluation of basic shrinkage? 

3. Does the temperature development affect the magnitude of the BS even after maturity 

time has been considered? 

4. How is self-desiccation affected by different temperature developments? 

1.5 Method 

To be able to answer the questions that’s has been stated in this thesis, a literature study has 

been performed to gain knowledge and understanding of phenomenon and what work has 

been previously done on BS. Then tests are performed on concrete where BS is measured at 

moist-sealed and temperature controlled conditions, and in addition Relative humidity is 

measured. The result is then used to evaluate existing maturity-based models of BS developed 

at LTU, as of their accuracy. 
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2 LITERATURE STUDY 

2.1 Introduction 

This literature study focuses primarily on Basic shrinkage (BS) and thermal dilation (TD). 

Thermal dilation is considered because of that it happens at the same time as BS, and 

therefore both have to be considered in this study. Some other relevant topics as cement 

hydration and mechanisms behind BS will also be discussed. 

2.2 Hydration process 

2.2.1 Cement components 

Cement typically consists of 60-70% CaO, 17-25% SiO2, 2-8% Al2O3 and around 3% of 

other products (Ljungkrantz, 1994). This is expressed in oxides, but in reality these minerals 

occurs in different chemical compounds called clinker minerals. The values include various 

types of Portland cement.  

2.2.2 Hydration process 

Cements hydration, the reaction with water, happens primarily according to two mechanisms: 

 Slightly soluble compounds, mainly alkali sulfides, dissolves and the water becomes 

saturated with K
+
-,Na

+
-Ca

2+
-,    

  - and OH
-
-ions. Crystals of Ca(OH)2 and 

precipitates. 

 The cement grains surfaces is covered by reaction products. The density and 

composition of these layers rules how fast the water can penetrate into unreacted 

cement and form additional reaction products. The volume between the grains of 

cement is filled with reaction products and the cement paste hardens. 

Cement is composed of several minerals. Several reactions will therefore occur 

simultaneously. The phase most important for the cements strength properties is the alite and 

belite phase with water (C3S and C2S) and their idealized reactions can be written: 

                           ( 2.2.1) 

 

                          ( 2.2.2) 

Another mineral phase is the aluminate phase (C3A) which happens immediately after contact 

with water and creates CAH. If not halted, the cement will bond directly or become grainy. 

Gypsum is therefore added to regulate this reaction and the cements bonding, so that 

undesirable rapid setting does not occur.  

The last main phase consists of reaction with ferrite. The reactions products are related to the 

aluminate phase. But it reacts slower with water, does not have the same need for early age 

hydration control and lack their setting problems. (Ljungkrantz, 1994) 

  



LITERATURE STUDY 

4 

 

2.2.3 Chemical Shrinkage 

Chemical shrinkage occurs because of the reactions during the hydration process. For all 

cement reactions there is a volume change involved, a so-called chemical shrinkage, because 

of the smaller volume of the reactants. Chemical shrinkage can be calculated from the 

difference in molar weight from each reaction, knowing the chemical composition of the 

cement (Ljungkrantz, 1994). 

2.2.4 Setting and strength development 

Shortly after blending with water, the cement paste behaves fluidly with cement particles 

dispersed in water. At first, the particles of cement will become covered with hydration 

products and reaction will be slow. But after a couple of hours the surface coating will break 

up and the reactions can continue at a greater speed. The strength will continuously build up 

as the spaces between cement particles are filled with reaction products and the paste 

thickens. This process can be described in initial set where the paste has yet to gain rigidity 

and final set when it starts to attain mechanical properties, an illustration of the process can be 

seen in Figure 2.1. How fast the strength develops depends of the cements composition, as the 

minerals reacts differently. The most common Portland cements has around 55-70% C3S, and 

as it is a faster reactant than C2S, most of the strength development happens in the first week. 

But the minerals are not the only thing that rules the strength development; in addition the 

specific surface of the cement (the total particle surface area of a unit mass of cement) is 

important (Ljungkrantz, 1994). 

 

Figure 2.1 - Different stages of hydration(Ljungkrantz, 1994). 

2.2.5 Hydration Heat 

When cement reacts with water (hydration process), heat is released. Some heat is released 

during the initial blending, which is caused by soluble solutions dissolving, the first alite 

reactions and the formation of ettringite. These reactions occur during the first minutes in the 

blender. However, when the cement starts to bind after the resting period, heat generation 

starts again and will reach its maximum after 10-20h. This second heat phase is caused of 

silicate- and aluminate reactions. The heat generation will start to decline after approximately 

a day, because it will be harder for water to penetrate into the unreacted parts of the cement. 

Heat development will occur as long as cement reacts, but from here the effect will be lower. 

Figure 2.2 shows this heat development. At point 3 continued formation of ettringite occurs, 

and at point 4 conversion of ettringite to monosulfate and ferrite reactions (Ljungkrantz, 

1994). 
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Figure 2.2- Heat development for a typical Portland cement (Bjøntegaard, 1999). 

2.2.6 The maturity concept 

At increased temperatures, the rate of hydration also increases, and as hydration process 

produces heat, the process becomes self-accelerating. The strength development of concrete is 

closely linked to the progress of cement hydration which leads to the proposition that the 

progress of strength in concrete can be expressed as a function of time-temperature 

combination – a maturity concept. However, at crack risk investigations this concept can be 

unreliable because it does not take into account that the final properties are influenced by 

temperature (Bjøntegaard, 1999). 

2.3 Basic shrinkage 

2.3.1 Definition 

Traditionally BS is defined as the free contraction of a body of concrete at isothermal 

(constant temperature) conditions during the hydration of concrete at moist sealed conditions. 

This is however not an entirely accurate definition as it can give the expression of that BS is 

always the same, regardless of applied temperature. The definition in this work of BS is 

therefore as follows: Basic shrinkage is the free contraction of a concrete body during the 

hydration of concrete, with exception of the movements caused by thermal dilation and 

moisture-exchange with the concrete body’s surrounding environment. 

The mechanism behind BS is known as self-desiccation which is caused by the chemical 

reaction of the hydration process.  Self-desiccation occurs because of the reduction of 

Relative humidity from the partial emptying of water from capillary pores caused by chemical 

shrinkage (Slatnick, 2011). If tests are conducted under isothermal conditions BS can be 

measured directly, otherwise it has to be corrected for the effect of thermal dilation. 

“Basic shrinkage” is expressed as the length change over 1m, hence it equals to strain and has 

generally the unit 10
-6

(m/m). BS is a fairly new term for the phenomenon, and is known under 

several different names, e.g. autogenous shrinkage or autogenous deformation. 

2.3.2 Basic shrinkage and chemical shrinkage 

Chemical shrinkage occurs in all concrete because of that the volume of the hydration 

products becomes 8-10% smaller than the total volume of initial reaction materials cement 

and water. Chemical shrinkage is related to BS in that way that it’s the underlying driving 

force for the occurrence of BS. Chemical shrinkage occurs continuously from the point of 

cement-water contact. 
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Chemical shrinkage and BS (measured volumetric) has been showed to be equal until the 

point where the paste is no longer liquid(Bjøntegaard, 1999). As the setting occurs a solid 

skeleton is formed allowing empty pores to be created, and the BS therefore becomes much 

smaller than the underlying chemical shrinkage. This period when the skeleton has just 

formed is sensitive to cracking since the paste is able to take stresses but has a low capacity to 

withstand them. Figure 2.3 shows how BS and Chemical shrinkage parts and differs by time. 

 

Figure 2.3 - Chemical shrinkage and BS in a cement paste (Bjøntegaard, 1999). 

 

2.3.3 Self-desiccation 

Self-desiccation refers to the taking up of free water by hydration in cement to such an extent 

that not enough is left to cover the surfaces of un-hydrated particles and to maintain 100 

percent RH within the concrete. Because of the partly empty pores, internal water menisci 

appear which causes capillary tension in the pore water and lowering of RH. Even minor 

differences in RH can lead to great tensions in the pore water. The capillary tension is 

transferred to the solid phase of the porous material as compression, with a subsequent 

shrinkage as a result. A continuous shrinkage can therefore be expected when the RH is 

gradually reduced due to self-desiccation. This has a considerable effect on BS when the 

water-to-cement ratio is low, which is the case in some high strength concretes.  

There are two dominating factors governing self- desiccation: w/c (water-to-cement ratio) and 

type of concrete. Speed and final state only depends on concrete composition, cement and 

curing conditions, and not on thickness of the structure or dehydration conditions. Self-

desiccation lowers the hydration speed, and as it reaches down to about 70%, it totally stops 

the hydration process (Nilsson, 2000).  

2.3.4 Relative Humidity in concrete 

When measuring RH in air, higher temperature means a lower RH as the air gets the ability to 

contain more water vapor (the saturated vapor pressure of water increases) and as the amount 

of water vapor will not change noticeably in e.g. a room. In concrete however, as it contains 

water in different forms (Capillary water, adsorbed water, in air pores etc.), a dynamic 

exchange between these occurs. Which means that the amount of water vapor changes with 

temperature and therefore RH can increase with increased temperature, as it possibly can 

contain more water vapor then before. This dynamic exchange occurs in all environments, but 

in, for example, a room there is much less surfaces for the air volume to interact with. 
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2.3.5 Other Basic shrinkage mechanisms 

BS is a consequence of chemical shrinkage and its magnitude on self-desiccation. There are a 

number of mechanisms that can occur at different times and with different intensities. 

Surface tension 

The surface tension of cement gel particles depends on how much water surrounds each 

particle. Adsorption of water results in lowering of surface tension and expansion, 

respectively, removal of adsorbed water results in shrinkage and higher surface tension. 

However this seems to be significant only at lower RH, which is not probable to be reached 

with only self-desiccation (Bjøntegaard, 1999).  

Disjoining pressure 

Disjoining pressure appears in areas where adsorption is hindered. This would be where the 

distance between nearby solid surfaces is less than two times the thickness of the free 

adsorbed water layer. 

 

Figure 2.4 - Surfaces of hindered adsorption and distribution of disjoining pressure (Lura, 2003). 

This disjoining pressure is the result of van der Waals forces, double layer repulsion and 

structural forces. It varies with RH. When RH drops, the disjoining pressure is reduced, 

causing shrinkage. 

Capillary tension 

The capillary tension in the pore fluid is related to the water-air menisci in the partly empty 

pores. The presence of menisci changes the vapor pressure and can be described with Kelvin’s 

equation. The presence of menisci also causes hydrostatic tensile stresses in the pore fluid 

(Laplace’s equation). 

2.3.6 Cracks caused by Basic shrinkage 

As earlier mentioned, BS is a dominant force when considering early crack-risks in HPC 

(High-strength concrete). This is in contest with temperature tensions which are increased as 

HPC often contains more cement which gives a stronger temperature development. BS can in 

itself cause cracks in the time shortly after casting. HPC’s also haves a more dense pore 

system, and moisture movements in the concrete therefore becomes slower. Because of this 

HPC’s has a low moisture exchange with its surrounding environment, making drying less of 

a problem, at least in the inner parts of structures.  

BS can cause micro- or macrocracking. In particular, internal restraint due to the presence of 

aggregates in the mixtures may cause microcracking, which may affect the long-term 

durability of concrete members. Also, in the scale of the concrete structure, BS added to 

temperature induced deformation, may lead to surface cracking and also to through-cracks 

(Lura, 2001).  
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Surface cracks would be developed during heating, where stresses arise from differences 

between different parts of the cross-section. However this would result in early surface 

tension, which would actually be counteracted by BS because of that BS depends on the 

concretes maturity, which leads to more shrinkage in the central parts (where the temperature 

is higher, which speeds up the hydration process) than the outer parts. This means that BS is 

actually favorable for surface cracks. 

In contrast, BS will be highly unfavorable under cooling, if temperature movement is 

prohibited (which is the case when casting against older concrete etc.), BS will increase the 

shrinkage from temperature-changes and there will be risk for through-cracks.  

2.4 Thermal dilation 

2.4.1 Definition 

The basic definition of TD is the free deformation caused by temperature variations in the 

concrete. Where a temperature increase results in an expansion, a decrease equivalently 

causes shrinkage of the concrete body. Free deformation refers to that no external force acts 

upon the concrete body. (Fjellström, 2013). 

2.4.2 TD in mature cement paste and concrete 

There are two mechanisms behind Thermal dilation. First there is the true thermal expansion, 

which is based on kinetic molecular movement, and secondly there is the apparent thermal 

expansion. The origin of apparent thermal expansion is not totally understood, as there exists 

several plausible explanations. One is that it is caused by a hygrothermal volume change 

associated with the movement of internal moisture from capillaries to gel pores, under 

capillary forces produced by temperature changes, without change in the water content of the 

body in question (Zoldners, 1979). Because of this “apparent” part thermal dilation is highly 

dependent of the water content in the concrete. The explanation above may explain why the 

TDC (Thermal dilation coefficient) is low at dry and saturated conditions as there will be no 

capillary effects.  

In concrete, where only 25-35% of the volume is cement paste, the moisture effect will be 

considerably lower, but still significant. But mainly the TDC of concrete is affected by the 

aggregate type used in the concrete, because it constitutes 65-75% of the volume (Zoldners, 

1979). 

2.4.3 Thermal dilation in young concrete 

Thermal dilation coefficient of young concrete has sometimes been found out to change 

significantly during the hydration phase, i.e. from the time of casting, trough setting and 

further on. However, large contradictions exists and any final conclusion on the fundamental 

behavior of the TDC of young concrete can by no means be given today (Bjøntegaard, 1999) 

What can be said is that at a very early age, the TDC starts at a very high value before it drops 

significantly during setting. This can be attributed to the water phase which dominates in the 

fresh state and the TDC is very high compared to solids. When a skeleton is formed, the 

concrete can be expected to act more solid and the value of TDC is lowered significantly. The 

TDC also seems to decrease with time later on in the process (Bjøntegaard, 1999). 
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3 CONCRETE AND TEST PROGRAM 

3.1 Concrete 

3.1.1 Choice of concrete 

Testing will be performed on one of the new Swedish standard concretes, “BAS 2” (Cementa, 

2013), which is primarily used for housing. Initially the ambition was to test on several 

different concretes, of the types Bascement (BAS 2 is a recipe of this type) and 

Anläggningscement but this was not feasible due to the amount of time available in this 

master thesis. Therefore, only one concrete was chosen, which was BAS2. 

“Bascement” is supposed to replace the old Swedish standard cement “Byggcement Slite”. 

The main difference being that “Bascement” has part of the clinker material replaced by fly 

ash. The goal has been to get as equivalent properties as possible to the old standard, but some 

differences can be observed. These are somewhat lower particle density, about 2% lower 

brightness and the strength after 28 days is a little higher, to name a few. But the main 

difference that should be observed is that carbon-emissions are lowered (Cementa, 2013). 

Mixing proportions for the BAS2 concrete can be seen in Table 3.1 - Mixing proportions for 

the BAS2 concrete (Jonasson, 2013). 

Table 3.1 - Mixing proportions for the BAS2 concrete (Jonasson, 2013).  

w/c-ratio w/c=0,55, dmax=16, S4 

Constituent kg/m3 l/m3 

BAS-Cement 360 157 

Total Water 205 205 

Effective water 198 198 

Sand 0/8 1067 395 

Stone 8/16 733 277 

Air  10 

Density 2373 1000 

Superplasticizers 0,12%  

Slump height 190mm  

It should be noted that a new type of aggregates was used here then when this particular 

BAS2-recipe was made, this means that the concrete can show some different properties then 

intended. There was simply not enough time or resources to test out a new recipe.   

3.2 Test program 

3.2.1 Number of samples and temperature curves 

Tests were performed at 1 type of concrete, with one w/c-ratio and 4 different temperature 

developments, resulting in a total of 4 different tests. At each test, one sample was done with 

the described temperature development (Sample B), and one was done at room temperature as 

20⁰C isothermal (Sample A), resulting in a total of 8 samples of concrete. 

The different temperature development will all start at 20⁰C, and then for 3 of the tests, the 

samples will be allowed to follow its natural adiabatic process, see APPENDIX A up to 35⁰C 

(1 tests) and 50⁰C (2 test) respectively. These tests will thereafter be forced to continue at a 
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constant temperature for different lengths of time, 24 and 72 hours, and finally go down to 

20⁰C again and hold that for the remaining time of the test. The last tests will be done 

similarly but cooled down to about 6⁰C (1 test) instead of heated. A graphical illustration can 

be seen in Figure 3.1. A new test can be started after 14 days. At the start of my work of this 

Master thesis, the ambition was to do more tests then has been performed.  

 

Figure 3.1 - Desired temperature development. 

The adiabatic rise of temperature was calculated with help of ConTeSt Pro, which is an FEM-

program to calculate temperature developments and crack-risks in hardening concrete. It is 

developed by JEJMS Concrete AB in collaboration with Luleå University of technology. 

Parameters used for this calculation can be seen in APPENDIX A, as well as the adiabatic 

temperature curve. 

3.2.2 Relative Humidity measurement and test-program 

When the dilation-measurements have been finished, after 13 days, measurement of RH can 

be carried out on the concrete samples. The samples are crushed and put into test tubes, and 

RH is then measured until it has reached a stable value (equilibrium). The time to reach 

equilibrium is usually more than 3 days. The first pair of samples is then put into tubes on day 

13 and the second pair of samples on day 20. The cycle time is not affected by the second 

RH-measurement as the equipment necessary to begin the next test-cycle is available. 

The test program can be seen in Table 3.2 below. 

Table 3.2 - Test program. 

Test 

no. Temp. 

Duration 

raised/lowered 

temperature Started 

Dilation 

measurement 

stopped 

First RH-

measurement 

Last RH-

measurement 

1 35⁰C (I) 1 day 26-11-13 09-12-13 10-12-13 23-12-13 

2 50⁰C (I) 1 day 21-12-13 03-01-14 04-01-14 16-01-14 

3 6⁰C (I) 3 day 14-01-14 27-01-14 28-01-14 10-02-14 

4 50⁰C (II) 3 days 28-01-14 03-02-14 04-02-14 16-02-14 
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4 TEST EQUIPMENT AND TEST EVALUATION 

4.1 Test equipment 

4.1.1 Dilation rig 

With this equipment, which is used to measure the combined BS and TD, cylindrical 

specimens are used. The samples have a diameter of 80mm and height of 340mm. Directly 

after casting the specimens are placed in a basin containing water, the temperature of this 

water will be adjusted for the specific values wanted for the specific tests. Depending of the 

strength of the concrete the tests can start about six to ten hours after casting. For BAS2 in the 

tests performed, six and a half hour was a good time to demould. Approximately an hour and 

a half before the start of deformation test the specimen is demoulded and two strain gauges of 

type LVDT Schaevitz type 010 MRH is mounted on composite bars made of invar and 

graphite. The gauges are symmetrically mounted on the cylinder specimen surface; see Figure 

4.1 and Figure 4.2. 

The LVDT gauges are electromechanical devices that produce electrical output proportional 

to the displacement of a separate movable core. The gauge consists of a primary coil and two 

secondary coils symmetrically spaced on a cylindrical test specimen. As the primary coil is 

energized by an external power supply, voltages are induced in the two secondary coils. When 

the specimen moves from its null position (reference point), it produces a differential voltage 

output that varies in line with changes in core position. With this type of gauge the 

deformation can be measured with an accuracy of 0,03μm (Hedlund, 2000).  

The separate movable core is mounted on poles of invar, fastened 100mm above the coils, 

meaning that this is the distance over which deformation is measured. The thermal dilation of 

the poles has then to be taken into account as registered values of dilation of the cores is 

evaluated, giving calculated strain over said section. 

The temperature of the specimens is controlled by the temperature of the water in the tank. 

This can be altered by heating devices in the water-tank, which is controlled by the same 

computer-program that registers the deformations. However, when temperatures below room-

temperature is desired, a Hetofrig Refrigerated waterbath was used to cool down water to 

around 1⁰C (no lower to avoid freezing) which was then pumped through copper-pipes placed 

as a “spiral” along the walls of the water tank to cool its water, see Figure 4.2. In this way, a 

temperature of around 3-4⁰C could be maintained in the tanks water. As the Hetofrig was not 

controlled by the computer-program, it had to be controlled manually. 

 

Figure 4.1 - Inductive strain gauge mounted on the surface of the test specimen at BS test (Hedlund, 2000). 
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Figure 4.2 - Test specimen equipped with strain gauges and the aluminum container at BS test. Also shown are the 

refrigerated bath and the water tank, to the right equipped with the copper pipes for cooling. 

4.1.2 RH measuring equipment 

To measure the relative humidity in the test specimens, a Testo instrument is used. A sample 

is taken from the tested concrete and thereafter crushed and put into a glass test tube together 

with the RH-meter and sealed off by means of an expandable rubber on the probes. As this is 

a small volume the RH of the air inside of the tube will reach equilibrium with the concrete. 

The crushed concrete samples put into the tubes should not be smaller than 5mm and one tube 

should not contain less than a total of 15cm
3
 concrete (Löfgren, 2010). In this method of 

measuring RH it’s important to keep down the handling time of the samples where they are 

exposed to air, 3min of time exposed can lead to a change in RH up to 0,1% (Johansson, 

2012).  

Al measurements, for calibration and of concrete, are performed in a temperature controlled 

environment. The temperature has had an variation of 19,5±0,5°C. The equipment used is a 

Testo 365 with Testo 2161 902 sensors. These sensors register temperature and changes of 

capacitance. This is evaluated by a processor in the instrument which directly shows a value 

of relative humidity. The RH measuring equipment can be seen in Figure 4.3. 

 

Figure 4.3 – Humidity equipment and crushed concrete samples in humidity test tube. 
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Calibration of instrument 

The instruments have to be calibrated often to be able to tell the drift of the instruments. In 

my work calibration has been done with at most a month’s interval and the calibration took 

about 6 days to perform, and with calibrations before and after use the magnitude of the drift 

is known. For this calibration, different types of salt solutions is used, see Table 4.1. Each salt 

solution is placed within a sealed container with the sensors to be calibrated. Reading of RH 

will be done after one day to let the humidity inside the chamber and the sensors reach 

equilibrium, see Figure 4.4. This procedure is repeated for each salt solution, from the salt 

which gives the lowest RH and up to the salt which gives the highest. The values acquired are 

then used to create a calibration-curve that can be used to interpret the measured values of 

concrete later. An example of calibration curve can be seen in Figure 4.5, all data from 

performed calibrations can be seen in APPENDIX B. 

Table 4.1 - Calibration salts and their relative humidity at 20°C (Data taken from Greenspan, 1976). 

Salt Name Formula RH [%] 

Magnesium chloride MgCl2 33,1±0,2 

Magnesium nitrate Mg(NO3)2 54,4±0,2 

Potassium chloride KCL 85,1±0,3 

Potassium nitrate KNO3 94,6±0,7 

Potassium sulphate K2SO4 97,6±0,5 

 

 

Figure 4.4 - Elapsed time during calibration to reach 

equilibrium. 

 

Figure 4.5 - Example of calibration curve. 

Before measurement on concrete the sensors will be stored at 33,1% RH (MgCl2) so the 

sensors will be at their absorption isotherm both during calibration and 

measurement(Hedlund, 1996). This is because of that the states of equilibrium is different for 

absorption and desorption for a material, see Figure 4.6 
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Figure 4.6 - Principle of progress for adsorption- and desorption isotherms. 

Possible errors in the calibration process  

The accuracy will highly depend on the circumstances in which the calibration was 

performed. Possible errors are errors in the saturated salt solutions, non-linearity of the 

sensors in the measuring range, drift of sensors, temperature differences between sensor and 

material and error in the connection between the measuring chamber and the environment. 

There can also be errors in handling of the samples and mistakes during calibration. Not 

following the same isotherm as in calibration (adsorption or desorption) could be a cause for 

major errors in measurement (several percent) as illustrated in Figure 4.6 and should be 

avoided. 

4.2 Test evaluation  

4.2.1 Maturity time 

At LTU, two methods have been used to evaluate the test results. Both methods use the 

maturity concept. The maturity concept is basically that you can describe the equivalent 

hardening of concrete at arbitrary conditions compared to reference conditions. Maturity time 

is formulated in Hedlund (1996) by 

 
   ∫               

 

 

 
( 4.2.1) 

Where     = equivalent time of maturity at     [s or h],   = hardening rate factor 

depending on concrete temperature,   = hardening rate factor depending on the humidity,    

and     are adjustment factors to be used in different adjustments of the concrete mix 

(Hedlund, 1996). 

The reference conditions may be arbitrarily chosen, but in practice it is well suitable to use 
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( 4.2.2) 

 

Which gives         at reference conditions. 

When the humidity rate factor is not taken into account explicitly, the temperature equivalent 

time of maturity can be expressed as 
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( 4.2.3) 

The benefit of using Eq. ( 4.2.3) is that the humidity does not have to be known explicitly. 

The rate factor with respect to temperature is described by 
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( 4.2.4) 

With             , i.e.     is chosen as reference temperature and the temperature 

dependency on the activation temperature can be described by 

 
       (

  

    
)
  

 
( 4.2.5) 

The parameters      and    are empirical constants and values of these parameters in Eq. ( 

4.2.5) are presented in Table 4.2. 

Table 4.2 - Maturity parameters (Jonasson, 2013).  

Concrete         

BAS2 3150 0,275 

4.2.2 Model I 

In the first method, BS is only dependent on equivalent time according to the maturity 

concept; the total measured deformation can be formulated by 

             ( 4.2.6) 

Where     =measured strain;   = Thermal dilation;    = BS. When calculating BS, 

equivalent time is reflected by the term        , formulated in Hedlund (1996) as 

 
                         ( [

   
         

]
   

) ( 4.2.7) 

Where      = reference ultimate shrinkage, a fitting parameter;     = relative time 

development of shrinkage;    [s, h or d] = equivalent time of maturity;        [s, h or d] = start 

time of BS specified as time after mixing;     [s, h or d] = and     are fitting parameters. 

When considering thermal dilation, the measured temperature for both samples (isothermal 

and “varied temperature”) is used to determine the thermal strain. In model I two separate 

thermal dilation coefficients is possible to use in modeling the expansion and contraction 

phase, see Fjällström (2013), which is formulated by 

                             ( 4.2.8) 

And 

                             ( 4.2.9) 
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Where            = concrete temperature at time t;       = temperature difference from the 

start temperature in the concrete;          = thermal expansion coefficient;          = 

thermal contraction coefficient; t[s,h or d] = real time specified as time after mixing; 

      
    = maximum measured temperature for the concrete sample;    and    = fitting 

parameters. 

The fitting parameters in eqs. ( 4.2.7) - ( 4.2.8) are determined with the least square method 

using both samples together. This is practically done through the problem solver in Microsoft 

Excel, which uses a non-linear GRG solving method. 

4.2.3 Model II 

The second evaluation method has the same fundamental idea to describe the measured total 

deformation according to eq. ( 4.2.6). In method II, however, the BS is dependent upon both 

time and temperature, which is formulated as (Hedlund, 2000) 

                         ( 4.2.10) 

With         according to eq. ( 4.2.7) and 

 
             (     [ 

  
      

  
]

  

)     (     [ 
  

      

  
]

  

)  

( 4.2.11 ) 

Where        = temperature effect on BS;   
          = maximum temperature in the 

concrete temperature up to time t;   ,   ,   ,   ,   ,    and    = fitting parameters. 

Fitting parameters has been evaluated for BAS-concretes in Fjellström(2013) and proposed as 

shown in Table 4.3.  

Table 4.3 - Fitting parameters for method 2 as evaluated in Fjellström (2013).  

Recipe                                                 

BAS2 0,4 0,6 9 2,9 1 55 7 

The measured temperature for both samples is used to determine the calculated total 

deformation. In method II, a constant thermal dilation coefficient is used, which is formulated 

as 

           ( 4.2.12) 

Where the additional parameter         = constant thermal dilation coefficient is a fitting 

parameter.  

The fitting parameters in eqs. ( 4.2.7) and ( 4.2.10)-( 4.2.12) are decided with the least square 

method using both samples together. This is also practically done through the problem solver 

in Microsoft Excel, as in model I. 
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5 RESULTS AND ANALYSIS 

5.1 Approach 

For each test, fitting according to the models will first be done to get the best possible fitting 

for each individual test (calculated shrinkage compared to measured shrinkage), and after that 

is done, it will be tested if a good fitting can be done to describe all tests. Both model I and 

model II will be tested. The RH measurements will be compared between each individual test 

to see if any trends can be observed between temperature and self-desiccation. Lastly, the BS 

of all tests will be compared to look for any trends.  

5.2 Temperature development 

The obtained temperature developments for the different tests can be seen in Figure 5.1, 

which should be compared to the desired temperature developments presented in Figure 3.1. 

 

Figure 5.1 - Obtained temperature developments for the different tests. 

It can be seen that the temperature control has worked well. There have been some small 

issues as the temperature rises should stop, probably due to the hydration process in the 

concrete and the associated heat development. In test 3, the temperature rise part became 

somewhat undesired. This is because the cooling system was turned off to early. However, it 

should be noted that these deviations from desired curves has no impact on the validity of the 

results. It should be noted that the temperature that is controlled is of the water in the tank and 

the temperatures registered in Figure 5.1 is the temperature in the concretes, so a small 

difference is to be expected. 
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5.3 Basic shrinkage 

5.3.1 Model I 

Individual fitting 

Evaluated parameters for the different tests are presented in Table 5.1 and fitted strains are 

presented in Figure 5.2.  

Table 5.1 - Evaluated parameters with model I, individual fitting.  

Test 

      

    

    
    

        
    

      
     

      

       
     
    

     
         

     
        

1-35(I) 3150 0,275 7 60 -111,59 1 12 12 

2-50(I) 3150 0,275 7 30 -114,7 0,4548 9,0916 8,0 

3-6(I) 3150 0,275 7 60 -237,06 0,1 8 8 

4-50(II) 3150 0,275 7 60 -139,13 0,7162 9,9787 9,9787 

The following denotations are used in Figure 5.2: eps_tot_meas = measured total deformation, 

i.e. the sum of BS and thermal dilation; eps_tot_calc = calculated total deformation; shr_calc 

= calculated BS; temp_calc = calculated temperature related strain; sample A = concrete 

sample stored at approximately 20°C; sample B = concrete sample subjected to variable 

temperature. 
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Model I, A, 1day-35°C 

 

Model I, B, 1day-35°C 

 

Model I, A, 1 day-50°C 

 

Model I, B, 1 day-50°C 

 

Model I, A, 3 days-6°C 

 

Model I, B, 3 days-6°C 

 

Model I, A, 3 days-50°C 

 

Model I, B, 3 days-50°C 

 

Figure 5.2 - Measured and calculated strains in samples A and B using model I, individual fitting. 
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The following model behavior can be observed in Figure 5.2 and Table 5.1. 

      for all tests except test 2 (see below) , i.e. the possibility to use       in 

model I was not needed. 

    and    in fitting is remarkably high respectively low in test 1 and 3 (these 

parameters has been restricted to be between 8 and 12 in the fitting) 

 The moist-seal of sample B, test 2, was broken. This was because of a damaged O-

ring, which caused leakage into the test cylinder, affecting the results of that test. The 

result from that sample is therefore misleading, and cannot be taken into account, 

sample A’s integrity is however still intact. 

 One of the LVDT gauges seems to have been malfunctioning during test 4 

 Test 3 (3 days-6°C) stands out as it gives the worst fitting 

 The fitted parameters differ greatly between tests. 

One fitting of all tests 

Evaluated parameters for the different tests are presented in Table 5.2 and fitted strains are 

presented in Figure 5.3. 

Table 5.2 - Evaluated parameters with model I, one fitting for all tests.  

      

    

    
    

       
     

     
    

      

       
     
    

     
         

     
       ] 

3150 0,275 7 60 -101,07 1 9,31 9,53 
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Model I, A, 1day-35°C 

 

Model I, B, 1day-35°C 

 

Model I, A, 1 day-50°C 

 

Model I, B, 1 day-50°C 

 

Model I, A, 3 days-6°C 

 

Model I, A, 3 days-6°C 

 

Model I, A, 3 days-50°C 

 

Model I, B, 3 days-50°C 

 

Figure 5.3 - Measured and calculated strains in sample A and B using model I, one fitting for all tests. 
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The following model behavior can be observed in Figure 5.3 and Table 5.2 

 Good fitting is not achieved 

      , i.e. the possibility to use       in model I was used. The difference is 

small though. 

5.3.2 Model II 

Individual fitting 

Evaluated parameters for the different tests are presented in Table 3.2 and fitted strains are 

presented in Figure 5.4. The denotations for Figure 5.4, se section 5.3.1. 

Table 5.3 - Evaluated parameters with Model II, se equation ( 4.2.10) and ( 4.2.12), individual fitting. 

Test                                                         

    
         

1-35(I) 3150 0,275 7 55 -95,8 1 12 

2-50(I) 3150 0,275 7 46,479 -99,583 1 8 

3-6(I) 3150 0,275 7 60 -230,48 0,1006 8 

4-50(II) 3150 0,275 7 60 -139,3 0,7252 9,952 

Table 5.4 - Evaluated parameters with model II, see equation ( 4.2.11 ), individual fitting.  

Test                                                  

1-35(I) 0,4 0,6 9 2,9 0,19 46,4 0 

2-50(I) 0,4 0,6 9 2,899 3 56,56 5,82 

3-6(I) -4,28 5,104 22,67 2,476 2,99 40 0,001 

4-50(II) 0,4 0,6 9 2,9 -0,41 70 10 
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Model II, A, 1 day-35°C 

 

Model II, B, 1 day-35°C 

 

Model II, A, 1 day-50°C 

 

Model II, B, 1 day-50°C 

 

Model II, A, 3days-6°C 

 

Model II, B, 3days-6°C 

 

Model II, A, 3 days-50°C 

 

Model II, A, 3 days-50°C 

 

Figure 5.4 - Measured and calculated strains in samples A and B using model II, individual fitting. 
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The following model behavior can be observed in Figure 5.4, Table 5.3 and Table 5.4 

 Model II works significantly better than model I 

 As mentioned in comments to model I, test 2 sample B does not give correct values, it 

is possible to get a better fitting to sample A but this gives questionable results for 

sample B (mainly temp_calc). 

 The fitted parameters differ greatly between tests, especially test 3. 

One fitting for all tests 

Evaluated parameters for the different tests are presented in Table 5.5 and fitted strains are 

presented in Figure 5.5. 

Table 5.5 - Evaluated parameters with model II, se equations ( 4.2.10)-( 4.2.12).  

      

    

   
     

         
    

     
    

      

       
    
     

     
         

3150 0,275 7 60 -101,54 0,99 9,40 

    
    

   

     
    
    

    
    

   

     
    
    

   

    

0 1,07 21,4 15,82 0,43 70 10 
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Model II, A, 1 day-35°C 

 

Model II, B, 1 day-35°C 

 

Model II, A, 1 day-50°C 

 

Model II, B, 1 day-50°C 

 

Model II, A, 3 days-6°C 

 

Model II, B, 3 days-6°C 

 

Model II, A, 3 days-50°C

 

Model II, B, 3 days-50°C

 

Figure 5.5 - Measured and calculated strains in Sample A and B using model II, one fitting for all tests. 
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The following model behavior can be observed in Figure 5.5 and Table 5.5 

 The fitting is considerably worse than individual fitting. 

 The fitting is better than for model I. 

 The measured total deformation of sample A varies somewhat between the different 

tests. 

5.4 RH measurements 

Measured values of RH for the different tests can be seen in Table 5.6 and Figure 5.6. 

Table 5.6 - Measured values of RH.  

 

Relative Humidity 

 
13 days 20 days 

Test 
Sample 

A 
Sample 

B 
Diff.    
(A-B) 

Sample 
A 

Sample 
B 

Diff.    
(A-B) 

1-35 (I) 92,8 92,7 0,1 93,2 93,4 -0,2 

2-50 (I) 94,2 94,4 -0,2 92,5 93,2 -0,7 

3-6 (I) 91,9 91,9 0 91,4 91,7 -0,3 

4-50 (II) 93,2 93,3 -0,1 92,0 93,1 -1,1 

 

Figure 5.6 - Measured values of RH. 

The following behavior can observed in Table 5.6 and Figure 5.6 

 Test 2 has a higher measured value of RH in the second measurement. 

 The tests with lower temperatures seems to give lower measured values of RH. 

 The measured RH from the different A-samples differs greatly, at most 1,8%. 
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5.5 Effects on basic shrinkage by temperature 

Here the basic shrinkage of the different tests will be compared to see if any trends can be 

observed. It is assumed that the thermal dilation coefficient     is constant for all 

temperatures. Calculated thermal dilation, see eq. ( 4.2.12),  will be drawn from measured 

total deformation, giving the basic shrinkage. 

The thermal coefficient used here should preferably have been the coefficient evaluated with a 

realistic temperature curve so that the “fault” in how the model could have been estimated. 

But as that has not been done in this thesis the parameter is just taken to        , as it was 

used in Fjellström (2013). The resulting basic shrinkage can be seen in Figure 5.7. 

 

Figure 5.7 - BS calculated from measured strain subtracted by calculated TD. 

This behavior can be observed in Figure 5.7 

 The curves differ greatly. 

 There’s an irregular “bump” for all sample A’s early on. 

 With this thermal dilation coefficient early expansion is shown. 

 Basic shrinkage seams to increase with increased temperature. 

 Sample A test 4 (50°C-3days) differs greatly from the other sample A’s. 
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6 DISCUSSION 

6.1 Model I and II 

What can be seen is that model II works significantly better than model I, which was also 

concluded in Fjellström (2013), The results in this thesis therefore supports earlier claims. 

However, what is more interesting, and which tendencies could be seen in Bjøntegaard 

(1999), is that a good fitting doesn’t seem to be possible when several different temperature 

developments are considered. At least this seems to be supported by the results that have been 

presented in this thesis, both that the parameters between individual fittings differs greatly 

between tests and that a good fitting was not received for all tests with one set of parameters. 

On the other hand, this doesn’t necessarily mean that the model for basic shrinkage is at fault, 

as these irregularities could also be because of that the thermal dilation seems to develop 

differently between the different tests, being obvious especially during the early fast 

temperature changes where basic shrinkage should be minimal. Actually, in Bjøntegaard 

(1999), it is suggested that the amplitude of temperature changes affects the magnitude of the 

thermal dilation coefficient. So if changes where to be made to the models, it would probably 

be fitting to start to evaluate how the thermal dilation coefficient should be expressed. This 

would probably need separate tests to determine its properties accurately, apart from the kind 

of tests performed here. 

That the fitted parameters differs so greatly between different tests, would also imply that the 

current way of using these tests may not be sufficient to get a good estimation of development 

of BS in real concrete structures. At least, it will only be good for that specific temperature 

development evaluated, which would be costly to perform for each individual casting of 

concrete in different environments and expected temperature developments. Another 

argument to perform more than one test is that the measured strain of the different sample A’s 

differs quite a lot, meaning that just one test can give a misleading result. So, in my opinion, 

the models accuracy would greatly increase if more than one temperature development would 

be considered in the fitting of parameters. 

As to why the temperature development should affect the magnitude of BS, the following has 

been discussed with professor Jan-Erik Jonasson (LTU) as a possible hypothesis that would 

explain the phenomenon: it could be because that the distribution of pores is affected at 

different temperatures. More specifically, the same porosity is obtained but the distribution 

between air voids, capillary pores, (contraction pores) and gel pores changes. And because of 

that, different properties are obtained for the concrete. That would not only apply to BS, it 

could also affect e.g. strength. It would also explain why Anläggningscement (Anl) has shown 

less temperature dependency in earlier research as it has a slower reaction (lower heat), and 

therefore would give smaller differences. It would of course have been interesting to test this 

to in future research, but determining the exact distribution of pores would be a tedious and 

expensive thing to do. 

6.2 Relative humidity 

RH seems to decrease more rapidly at lower temperature than at higher, which is somewhat 

surprising as lower temperatures should mean a lower rate of reaction and subsequently 

higher RH as less water has been taken up by the hydration process. But this was the trend 

that could be observed in the results. 
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However the values that are presented for the different sample A’s differs quite a lot, pointing 

to the measuring equipment being imprecise. This is also supported by that performed 

calibrations of the instruments has shown great drift, even over a short periods of time 

(6days). See Figure 6.1 for an example of drift of the instruments. 

 

Figure 6.1 - Drift of Sensors B for the saturated salt solution KNO3 (94,62±0,7%). 

This is of course unacceptable as the accuracy of performed measurements becomes highly 

questionable. If this is because of “real” drift in the instruments or just poorly performed 

calibrations can be questioned, especially since that the sensors seem to have the same size of 

their drifts,  point to that the method to calibrate with these salts in itself is to imprecise.  

In test 1(35⁰C-1day) sample B, the RH is lower in the earlier measurement than the later! This 

would be surprising if correct as the RH should be lowered because of self-desiccation, but 

can probably be explained by the suspicion that the first calibration was performed wrong. 

The result from test 2 (50 ⁰C-1day), sample B, should be discarded as explained earlier. 

So the results shows a trend that RH decreased more rapidly at lower temperature, but as the 

margin of error for the measuring equipment can be assumed to be quite large the results 

accuracy could also be strongly doubted. To make any final conclusions of the behavior of 

self-desiccation more tests should be performed with more accurate measuring equipment, 

and possibly with more continuous measurements. 

6.3 Basic Shrinkage 

The parameters used in this comparison should preferably have been used from a realistic 

temperature curve, which is what is normally evaluated with this method. The “error” could 

then have been estimated which would be received when calculation of basic shrinkage is 

done in any situation which deviates from this fitting, and then a more comprehensive 

assessment of the methods could have been performed. However, as no such realistic curve 

was tested, the parameter was chosen from a test performed by Fjellström (2013). The effects 

of temperature on BS can still be able to be analyzed as the temperature, with some small 

variation, goes back to its starting value (room temperature), resulting in thermal dilation 

close to zero (this reasoning would of course not work for extremely high values of    ). 

As could be observed in section 5.5, the developed magnitude of basic shrinkage varies 

greatly between the different test samples, this would suggest that temperature has an 

influence on the magnitude of basic shrinkage other than on the rate of hydration. The 

influence seems to be that basic shrinkage becomes greater with higher temperatures and 

smaller at lower temperatures. Especially when the concrete has the lowest temperature of 

around 6°C, basic shrinkage seem to become almost non-existent.  
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With the used thermal dilation coefficient, some samples get an expansion of basic shrinkage 

at the early stage. This is unlikely to be the real case and suggests that the parameter is wrong 

for these samples, which also suggest that the coefficient is not constant between the different 

tests and samples, which were also observed when fitting was performed on the different 

tests. This goes against what was assumed, that     is constant, and can maybe be explained 

by some other means than that    is not constant. Because of this it would probably be a good 

idea to perform a complimentary test to determine the thermal dilation coefficient. 

6.4 Test equipment and test method 

The test method itself is good for measuring deformation; it is however a bit lacking that only 

two strain gauges is used. The reason to why this is lacking is that the deformation does not 

need to be entirely homogenous; it will not be an entirely accurate way to measure what the 

strain is for the entire section. If three strain gauges would be used instead, it would describe 

the mean strain between two planes which would more adequately describe the real strain for 

the section, se Figure 6.2 for illustration. 

 

Figure 6.2 - Measured section for two respectively 3 strain gauges. 

Another aspect that has been discussed above is the number of tests that needs to be 

performed. Today only two different temperature developments is tested in the standard test 

(room temperature and realistic) which the results in this thesis suggest is too few to give 

reliable results, as there seems to be a certain variation in strain even for the same temperature 

developments, but also because that the strain seems to be temperature dependent. Two 

samples would therefore seem to be too few, and at least one more sample should be tested 

with another temperature development. This is a problem in itself because of the time one test 

takes to perform, so ideally this sample should be performed simultaneously as the others. 

This would mean that current test-equipment would have to be expanded with another test-

cylinder and another separate water bath. Otherwise it may not be rational to perform the tests 

if it takes too much time. 

As discussed above, the fitted thermal dilation coefficient does not seem to be constant for the 

different tests performed. This may suggest that thermal dilation is dependent on the 

temperature development as well as BS and that this has to be taken into account in the 

model.   

The equipment used to measure RH was not precise enough to give any trust in the measured 

results, probably because of that it’s too old with too much drift. If there should be any point 

in doing this kind of measurement in future tests, new measuring equipment has to be used. It 

would probably also be good to use more probes than in this thesis. 
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6.5 Validity of results 

It should be considered that this discussion done above has been performed on a small 

number of tests and only on one concrete recipe. The result from in this thesis should 

therefore be complimented with more tests in the future to be able to make any definite 

conclusions to behavior of BS and validity of the models. Actually, this thesis was always 

ment to work as a startup for more future research at LTU. 
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7 CONCLUSIONS 

Below is stated shortly the concluding remarks that has been done in reference to the research 

questions stated in the introduction. However, to be able to make any secure or final 

conclusions more tests has to be performed in the future.  

Research question 1 

“Do the current models, used at LTU for calculation of BS, hold for different temperature 

developments? If not, can they be modified to do so?” 

Answer: 

The current models that are used at LTU fit considerably worse when several different 

temperature developments are considered, making them less reliable. However, this seems to 

be more because of variations in thermal dilation then to basic shrinkage and does not 

necessarily mean that the models do not hold, model II could be considered to give a fairly 

good fitting. More tests are needed to give a conclusive answer, although model I should be 

discarded as good fitting is not possible. 

Research question 2 

“Is the current test method suitable for evaluation of basic shrinkage?” 

Answer: 

The test method currently used is good for measurement of BS but one more strain gauge 

should be added to the measuring equipment to give better accuracy and more samples with 

different temperature developments should be tested to give better fitting. There should 

possibly also be a test to determine the thermal dilation coefficient. 

Research question 3 

“Does the temperature development affect the magnitude of the BS even after maturity time 

has been considered?” 

Answer: 

The magnitude of BS is affected by the temperature development even after maturity time is 

considered. This affect seems to be that the magnitude of BS becomes greater with higher 

temperatures and lower with lower temperatures. 

Research question 4 

“How is self-desiccation affected by different temperature developments?” 

Answer: 

The temperature development seems to affect self-desiccation in that Self-desiccation seems 

to decrease with higher temperature and increase with lower. More test are needed tough as 

the accuracy of the measuring equipment can be doubted.
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8 FUTURE RESEARCH/RECOMENDATIONS 

The work in this thesis is sadly not complete. If there had been more time available, more 

tests would have been performed. So the first recommendation would be to finish all 

temperature histories for the BAS2 concrete, and then to do equivalent testing for other types 

of concrete with different w/c-ratios(e.g. the other “BAS” and “Anl”-concretes). 

And as more data is gathered, a deeper and more thorough analysis can be performed, and 

work can be done with the goal of creating a new model for calculation of BS. This model 

could take basis in the old models or maybe a totally new structure is needed, one suggestion 

would be to control how the thermal dilation is calculated.  

More thorough measurements of RH would be interesting, more specifically, continuous 

measurement of RH and with more precise measuring equipment. There has only been done 

point-measurements in this thesis, and as self-dessication is important for BS, it would of 

course be interesting with better RH-measurement.  

It would also be interesting to evaluate the test method more, as it is performed now. To make 

separate tests to determine the constant thermal dilation coefficient(   , could for example be 

an good idea, as the evaluated parameter in the tests in this thesis has varied greatly, even 

though it is considered constant in the models. This would be done e.g. with different 

amplitudes of temperature changes and different rates of change in temperature. 
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APPENDIX A 

Adiabatic temperature curve for BAS2 calculated with ConTeSt Pro 

Tid   

[h] 

Temp.         

[⁰C] 

Tid   

[h] 

Temp.         

[⁰C] 

Tid   

[h] 

Temp.         

[⁰C] 

Tid   

[h] 

Temp.         

[⁰C] 

Tid   

[h] 

Temp.         

[⁰C] 

Tid   

[h] 

Temp.         

[⁰C] 

0 20 12,5 44,02 25 60,93 37,5 63,49 52 64,47 82 65,21 

0,5 20 13 45,72 25,5 61,12 38 63,54 53 64,52 84 65,24 

1 20 13,5 47,27 26 61,29 38,5 63,59 54 64,56 86 65,26 

1,5 20 14 48,69 26,5 61,46 39 63,64 55 64,59 88 65,29 

2 20 14,5 49,97 27 61,61 39,5 63,69 56 64,63 90 65,31 

2,5 20 15 51,13 27,5 61,75 40 63,73 57 64,67 92 65,33 

3 20 15,5 52,18 28 61,89 40,5 63,77 58 64,70 94 65,36 

3,5 20 16 53,13 28,5 62,02 41 63,82 59 64,73 96 65,38 

4 20,00 16,5 53,98 29 62,14 41,5 63,86 60 64,76 98 65,39 

4,5 20,02 17 54,75 29,5 62,25 42 63,90 61 64,79 100 65,41 

5 20,10 17,5 55,45 30 62,36 42,5 63,93 62 64,82 102 65,43 

5,5 20,32 18 56,08 30,5 62,46 43 63,97 63 64,85 104 65,45 

6 20,76 18,5 56,65 31 62,56 43,5 64,01 64 64,87 106 65,46 

6,5 21,49 19 57,18 31,5 62,65 44 64,04 65 64,90 108 65,48 

7 22,52 19,5 57,65 32 62,74 44,5 64,08 66 64,92 110 65,49 

7,5 23,86 20 58,09 32,5 62,82 45 64,11 67 64,94 112 65,51 

8 25,47 20,5 58,49 33 62,90 45,5 64,14 68 64,97 114 65,52 

8,5 27,32 21 58,85 33,5 62,98 46 64,17 69 64,99 116 65,53 

9 29,35 21,5 59,19 34 63,05 46,5 64,20 70 65,01 118 65,55 

9,5 31,50 22 59,50 34,5 63,12 47 64,23 71 65,03 120 65,56 

10 33,72 22,5 59,78 35 63,19 47,5 64,26 72 65,05     

10,5 35,94 23 60,05 35,5 63,26 48 64,28 74 65,09 

 

  

11 38,11 23,5 60,30 36 63,32 49 64,33 76 65,12     

11,5 40,20 24 60,52 36,5 63,38 50 64,38 78 65,15 

 

  

12 42,18 24,5 60,74 37 63,43 51 64,43 80 65,18     
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Model parameters, BAS2 (Jonasson, 2013). 

Parameters for description of reference strength 

   
[h] 

   
[h] 

   
[-] 

   
[MPa] 

     
[MPa] 

  
[-] 

      
[-] 

3,5 6,5 3 0,5 51,7 0,2 0,5 

Paramters for description of maturity 

     

[K] 
   
[-] 

  
 
 
 

[h] 
   
[-] 

3150 0,275 0 1 

Parameters for loss of strength 

         
    

[-] 

      

[⁰C] 

      

[-] 
      

[h] 
      

[-] 

0,32 34 6 30 4 

Parameters for heat development 

   
[J/kg] 

   
[h] 

   
[-] 

304000 7,12 2,18 
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APPENDIX B 

Calibration curves for RH-measurement 

Salt Measured values 

Name RH [%] date B C date D 

MgCl2 33,10 2013-11-28 34,30 33,60 2013-12-16 32,95 

Mg(NO3)2 54,53 2013-11-29 54,00 52,70 2013-12-17 52,80 

KCl 85,19 2013-11-30 82,50 80,10 2013-12-18 80,95 

KNO3 94,73 2013-12-01 90,80 88,00 2013-12-19 88,87 

K2SO4 97,64 2013-12-02 94,60 91,50 2013-12-20 92,65 

 

Salt meas. Val. 

Name RH [%] date B C D 

MgCl2 33,10 2013-12-29 35,14 34,20 33,34 

Mg(NO3)2 54,53 2013-12-30 54,50 53,63 52,91 

KCl 85,19 2013-12-31 83,74 80,79 80,87 

KNO3 94,73 2014-01-01 91,57 88,44 88,99 

K2SO4 97,64 2014-01-02 95,65 92,02 93,11 
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Salt meas. Val. 

Name RH [%] date B C D 

MgCl2 33,10 2014-01-17 35,05 34,13 33,63 

Mg(NO3)2 54,53 2014-01-18 54,48 53,79 53,67 

KCl 85,19 2014-01-19 83,97 81,20 81,52 

KNO3 94,73 2014-01-20 92,06 89,05 89,72 

K2SO4 97,64 2014-01-21 95,33 91,89 93,02 

 

Salt Measured values 

Name RH [%] date B C D 

MgCl2 33,10 2014-01-22 35,66 34,79 34,35 

Mg(NO3)2 54,50 2014-01-23 55,72 54,08 53,96 

KCl 85,20 2014-01-24 83,93 81,10 81,57 

KNO3 94,70 2014-01-26 92,61 89,52 90,33 
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Salt Measured values 

Name RH [%] date B C D 

MgCl2 33,10 2014-02-24 35,37 34,52 34,23 

Mg(NO3)2 54,50 2014-02-25 55,44 53,85 53,84 

KCl 85,20 2014-02-26 83,42 80,70 80,98 

KNO3 94,70 2014-02-27 91,23 88,27 88,88 
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APPENDIX C 

Measured dilationTest 

Test 1 Sample A Sample B   Sample A Sample B 

t  Meas Temp Meas Temp t Meas Temp Meas Temp 

[h] [10^-6] °C [10^-6] °C [h] [10^-6] °C [10^-6] °C 

0,00 0,00 19,50 0,00 19,50 124,43 -48,86 22,11 -67,55 22,34 

7,08 0,00 20,10 0,00 20,91 129,43 -47,66 22,15 -69,81 22,19 

7,43 12,16 20,56 10,58 21,46 134,43 -49,20 22,09 -72,29 22,07 

7,93 19,80 21,84 32,89 23,12 139,43 -49,91 22,10 -72,46 21,98 

8,43 25,72 23,04 55,99 24,91 144,43 -50,26 22,20 -76,17 21,96 

8,93 32,31 23,86 85,29 26,71 149,43 -50,28 22,14 -78,83 21,61 

9,43 33,43 24,40 117,26 28,67 154,43 -49,12 22,12 -78,63 21,32 

9,93 37,42 24,83 152,65 30,85 159,43 -53,86 22,05 -81,97 21,31 

10,43 37,83 25,05 189,24 33,05 164,43 -51,90 21,98 -80,58 21,26 

10,93 41,50 25,23 226,51 35,13 169,43 -52,79 22,07 -79,63 21,33 

11,43 40,69 25,36 248,22 36,63 174,43 -52,37 22,33 -81,83 21,32 

11,93 42,98 25,38 260,27 37,33 179,43 -51,73 22,21 -80,74 21,22 

12,43 46,29 25,45 266,26 37,56 184,43 -53,11 22,10 -78,64 21,28 

12,93 45,88 25,46 263,32 37,48 189,43 -55,49 22,04 -77,52 21,31 

13,43 47,37 25,46 260,74 37,31 194,43 -55,39 22,22 -81,06 21,44 

13,93 50,49 25,44 258,71 37,11 199,43 -52,65 22,36 -79,92 21,39 

14,43 48,09 25,40 252,70 36,88 204,43 -56,25 22,11 -83,77 21,19 

19,43 41,09 24,31 212,71 36,04 209,43 -56,08 22,02 -80,79 21,17 

24,43 31,86 23,57 194,27 35,84 214,43 -58,34 22,01 -79,55 21,16 

29,43 19,08 23,15 183,54 35,58 219,43 -54,85 22,18 -79,32 21,29 

34,43 8,03 22,94 177,58 35,45 224,43 -55,46 22,37 -81,35 21,44 

39,43 -3,30 22,69 160,92 34,77 229,43 -55,83 22,29 -78,27 21,57 

44,43 -11,04 22,59 140,65 33,87 234,43 -58,30 22,23 -82,53 21,61 

49,43 -14,57 22,63 117,83 33,02 239,43 -57,23 22,19 -78,39 21,59 

54,43 -17,60 22,54 100,54 32,09 244,43 -56,02 22,22 -81,77 21,61 

59,43 -21,29 22,44 84,01 31,16 249,43 -58,12 22,00 -81,92 21,32 

64,43 -25,35 22,40 71,21 30,33 254,43 -56,64 21,97 -82,70 21,12 

69,43 -30,02 22,30 54,99 29,43 259,43 -58,47 22,03 -81,92 21,15 

74,43 -33,77 22,36 34,81 28,63 264,43 -58,48 22,04 -83,93 21,20 

79,43 -34,20 22,30 21,77 27,75 269,43 -59,81 22,06 -83,09 21,23 

84,43 -37,11 22,24 6,62 26,88 274,43 -60,55 22,05 -84,58 21,26 

89,43 -39,60 22,19 -5,36 26,01 279,43 -59,20 22,12 -83,19 21,39 

94,43 -40,44 22,13 -16,79 25,15 284,43 -59,67 22,11 -81,89 21,41 

99,43 -42,09 22,15 -32,92 24,31 289,43 -59,21 22,08 -81,72 21,45 

104,43 -42,80 22,22 -46,96 23,74 294,43 -60,69 22,05 -82,41 21,45 

109,43 -45,67 22,19 -54,08 23,26 304,43 -61,51 22,03 -83,49 21,41 

119,43 -47,69 22,04 -62,57 22,45 317,43 -63,49 22,05 -86,13 21,43 
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Test 2 Sample A Sample B   Sample A Sample B 

t  Meas Temp Meas Temp t Meas Temp Meas Temp 

[h] [10^-6] °C [10^-6] °C [h] [10^-6] °C [10^-6] °C 

0,00 0,00 19,00 0,00 19,00 115,45 -51,92 22,27 81,48 37,17 

7,45 0,00 19,94 0,00 22,12 120,45 -53,25 22,22 74,92 36,28 

7,95 18,24 21,32 16,34 23,85 125,45 -53,85 22,26 68,81 35,42 

8,45 19,92 22,39 30,14 25,54 130,45 -54,14 22,24 62,22 34,57 

8,95 22,58 23,20 44,07 27,41 135,45 -54,77 22,24 57,31 33,71 

9,45 23,34 23,86 58,46 29,46 140,45 -56,79 22,18 49,70 32,80 

9,95 24,77 24,32 75,69 31,66 145,45 -58,01 22,18 44,11 31,93 

10,45 26,92 24,64 92,64 33,92 150,45 -58,61 22,15 34,44 31,08 

10,95 29,79 24,91 110,58 36,27 155,45 -58,16 22,18 26,86 30,21 

11,45 30,14 25,07 129,99 38,70 160,45 -62,20 22,15 21,96 29,37 

11,95 30,15 25,18 149,39 41,10 165,45 -60,40 22,17 13,86 28,52 

12,45 33,62 25,22 162,10 43,32 170,45 -61,50 22,13 6,85 27,66 

12,95 33,32 25,27 174,01 45,20 175,45 -62,50 22,12 0,15 26,81 

13,45 37,01 25,33 184,66 46,87 180,45 -61,69 22,07 -7,52 25,94 

13,95 37,11 25,33 200,46 48,36 185,45 -63,40 22,13 -13,66 25,07 

14,45 36,64 25,31 211,35 49,66 190,45 -62,55 22,08 -19,84 24,28 

14,95 36,99 25,26 221,78 50,75 195,45 -63,31 22,07 -22,52 23,65 

15,45 37,44 25,21 214,86 51,19 200,45 -61,88 22,09 -29,05 23,16 

20,45 32,73 24,21 188,03 51,01 205,45 -63,84 22,04 -31,29 22,80 

25,45 25,23 23,61 177,45 50,72 210,45 -62,58 22,07 -33,68 22,53 

30,45 13,34 23,28 182,83 50,56 215,45 -63,78 22,07 -34,88 22,27 

35,45 3,65 23,03 184,64 50,46 220,45 -64,03 22,02 -36,84 22,03 

40,45 -4,78 22,90 186,34 50,32 225,45 -63,05 22,12 -38,01 21,87 

45,45 -12,46 22,73 184,24 49,45 230,45 -64,52 22,10 -37,48 21,83 

50,45 -18,06 22,65 174,52 48,58 235,45 -63,06 22,09 -36,53 21,78 

55,45 -24,53 22,64 161,09 47,71 240,45 -63,14 22,07 -37,46 21,66 

60,45 -28,54 22,65 152,41 46,85 245,45 -62,11 22,08 -39,84 21,58 

65,45 -31,33 22,59 137,44 45,93 250,45 -64,00 22,04 -39,64 21,48 

70,45 -34,86 22,53 131,56 45,03 255,45 -61,86 22,06 -41,90 21,46 

75,45 -37,52 22,45 122,71 44,14 260,45 -64,07 22,03 -40,35 21,45 

80,45 -40,67 22,35 118,73 43,25 265,45 -62,08 22,05 -41,29 21,35 

85,45 -40,66 22,39 112,48 42,42 270,45 -63,76 22,08 -40,13 21,32 

90,45 -45,93 22,33 107,45 41,51 280,45 -63,23 22,09 -40,94 21,36 

95,45 -45,78 22,31 101,06 40,66 290,45 -63,24 22,02 -41,41 21,29 

100,45 -47,36 22,30 97,52 39,78 300,45 -64,00 22,05 -40,32 21,29 

105,45 -47,86 22,32 92,58 38,91 310,45 -64,50 22,03 -40,88 21,32 

110,45 -50,60 22,28 87,76 38,04 318,20 -65,48 22,01 -39,89 21,27 

 

 

 



 

43 

 

Test 3 Sample A Sample B   Sample A Sample B 

t  Meas Temp Meas Temp t Meas Temp Meas Temp 

[h] [10^-6] °C [10^-6] °C [h] [10^-6] °C [10^-6] °C 

7,73 0,00 20,23 0,00 19,46 132,67 -42,28 22,29 -45,43 16,60 

8,67 25,70 22,33 -11,98 18,13 137,67 -42,83 22,29 -44,16 17,00 

9,67 28,99 23,93 -28,23 15,75 142,67 -41,80 22,25 -44,46 17,28 

10,67 28,95 24,63 -45,65 13,46 147,67 -42,65 22,24 -39,08 17,87 

11,67 30,94 24,98 -59,80 11,48 152,67 -42,19 22,29 -35,34 18,64 

12,67 31,15 25,10 -71,97 9,73 157,67 -44,93 22,21 -26,95 19,46 

13,67 31,13 25,19 -80,21 8,42 162,67 -44,34 22,27 -23,76 20,33 

14,67 31,33 25,17 -85,89 7,73 167,67 -43,83 22,26 -24,33 20,68 

15,67 29,78 25,07 -88,59 7,38 172,67 -44,00 22,21 -25,48 20,63 

16,67 29,83 24,85 -91,26 6,97 177,67 -45,88 22,19 -26,88 20,54 

17,67 28,31 24,59 -95,14 6,43 182,67 -45,04 22,16 -25,84 20,82 

18,67 25,42 24,34 -97,59 5,99 187,67 -47,64 22,24 -23,56 21,05 

19,67 23,71 24,11 -101,16 5,60 192,67 -45,68 22,28 -25,21 21,18 

21,67 21,23 23,73 -104,95 4,99 197,67 -48,41 22,32 -26,59 20,96 

23,67 17,08 23,59 -106,83 4,70 202,67 -48,81 22,29 -28,48 20,72 

27,67 9,15 23,37 -110,46 4,37 207,67 -49,15 22,37 -29,72 20,62 

31,67 2,28 23,31 -109,12 4,37 212,67 -50,81 22,29 -29,09 20,91 

35,67 -6,79 22,98 -112,15 4,14 217,67 -48,77 22,27 -29,63 21,03 

40,67 -17,35 22,87 -111,88 4,03 222,67 -48,49 22,29 -29,41 21,02 

42,67 -18,92 22,81 -112,36 4,01 227,67 -50,52 22,17 -31,68 20,95 

47,67 -24,58 22,82 -111,85 4,14 232,67 -49,51 22,21 -30,85 21,06 

52,67 -26,10 22,81 -110,95 4,25 237,67 -49,44 22,17 -31,70 21,10 

57,67 -28,92 22,64 -112,42 4,36 242,67 -50,86 22,20 -30,10 21,18 

62,67 -32,36 22,38 -112,41 4,27 247,67 -49,88 22,27 -29,97 21,23 

67,67 -33,84 22,34 -111,34 4,26 252,67 -50,17 22,21 -29,28 21,31 

72,67 -34,93 22,43 -110,95 4,39 257,67 -50,63 22,22 -30,42 21,40 

77,67 -39,87 22,50 -113,60 4,06 262,67 -50,02 22,21 -30,41 21,41 

82,67 -40,27 22,59 -97,78 6,27 267,67 -51,04 22,03 -35,16 21,18 

87,67 -39,35 22,45 -77,48 9,11 272,67 -51,53 22,12 -36,99 21,05 

92,67 -40,21 22,40 -70,61 10,67 277,67 -53,34 22,13 -36,96 21,05 

97,67 -40,49 22,30 -62,86 11,83 282,67 -53,93 22,16 -37,77 21,06 

102,67 -40,55 22,29 -58,97 12,83 287,67 -54,54 22,13 -38,37 21,06 

107,67 -39,91 22,31 -55,71 13,76 292,67 -55,49 22,12 -37,23 21,10 

112,67 -40,82 22,35 -51,29 14,56 297,67 -53,71 22,14 -37,55 21,13 

117,67 -40,50 22,32 -49,60 15,24 302,67 -55,04 22,13 -39,34 21,16 

122,67 -42,00 22,27 -47,80 15,76 312,67 -56,85 22,13 -38,66 21,17 

127,67 -42,76 22,26 -46,64 16,15 316,84 -55,18 22,14 -38,68 21,15 
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Test 4 Sample A Sample B   Sample A Sample B 

t  Meas Temp Meas Temp t Meas Temp Meas Temp 

[h] [10^-6] °C [10^-6] °C [h] [10^-6] °C [10^-6] °C 

0,00 0,00 19,65 0,00 19,65 125,06 -64,50 22,10 145,66 43,70 

7,48 0,00 21,48 0,00 19,95 130,06 -64,45 22,13 132,82 42,89 

8,06 3,32 22,39 11,81 21,70 135,06 -67,15 22,09 123,74 42,01 

8,56 4,41 23,18 29,47 23,69 140,06 -68,28 22,07 112,85 41,13 

9,06 5,61 23,77 48,76 25,87 145,06 -69,45 22,10 103,99 40,29 

9,56 7,53 24,22 69,71 28,15 150,06 -70,37 22,05 95,59 39,35 

10,06 7,48 24,53 94,12 30,48 155,06 -72,85 22,07 86,76 38,50 

10,56 8,51 24,76 114,80 32,87 160,06 -72,14 22,07 75,40 37,65 

11,06 9,65 24,89 140,94 35,33 165,06 -75,85 22,03 66,02 36,77 

11,56 7,74 25,04 168,13 37,81 170,06 -72,62 22,16 55,50 35,98 

12,06 11,17 25,10 192,93 40,28 175,06 -75,35 22,10 45,42 35,04 

12,56 13,14 25,10 216,87 42,66 180,06 -78,32 22,05 35,38 34,18 

13,06 12,34 25,08 236,20 44,84 185,06 -80,66 22,05 26,72 33,34 

13,56 12,36 25,06 253,47 46,74 190,06 -83,18 21,98 13,89 32,44 

14,06 14,48 25,03 267,21 48,34 195,06 -83,10 22,14 6,21 31,68 

14,56 13,07 24,97 278,53 49,72 200,06 -83,62 22,24 -4,81 30,78 

15,06 14,88 24,96 285,90 50,75 205,06 -85,76 21,98 -12,41 29,83 

20,06 14,86 24,07 260,55 51,02 210,06 -89,62 22,01 -19,49 29,03 

25,06 9,49 23,40 238,74 50,69 215,06 -88,67 22,02 -31,15 28,20 

30,06 4,16 23,11 233,82 50,50 220,06 -91,34 22,26 -42,60 27,29 

35,06 -4,21 22,83 234,67 50,38 225,06 -91,54 22,40 -50,99 26,43 

40,06 -10,08 22,69 236,55 50,35 230,06 -96,68 22,28 -58,12 25,66 

45,06 -16,81 22,58 235,57 50,29 235,06 -96,05 22,19 -69,38 24,81 

50,06 -20,26 22,55 236,49 50,28 240,06 -99,08 22,17 -74,66 24,12 

55,06 -23,75 22,61 234,40 50,23 245,06 -100,64 22,07 -81,66 23,50 

60,06 -30,52 22,35 233,85 50,15 250,06 -100,83 22,01 -86,67 23,00 

65,06 -32,67 22,33 235,54 50,20 255,06 -103,92 22,00 -90,33 22,57 

70,06 -35,86 22,28 234,15 50,15 260,06 -104,90 22,01 -91,81 22,32 

75,06 -38,60 22,36 232,52 50,16 265,06 -105,81 22,00 -92,16 22,12 

80,06 -42,07 22,39 229,76 50,18 270,06 -105,96 22,01 -93,74 21,94 

85,06 -43,29 22,19 225,53 50,08 275,06 -110,07 22,00 -92,24 21,86 

90,06 -46,47 22,18 221,78 49,81 280,06 -109,03 21,96 -94,52 21,68 

95,06 -50,96 22,21 211,03 48,99 285,06 -111,60 21,96 -93,56 21,62 

100,06 -53,70 22,18 198,75 48,10 290,06 -111,53 21,96 -92,07 21,56 

105,06 -55,05 22,19 189,02 47,23 295,06 -113,83 22,00 -91,82 21,51 

110,06 -57,59 22,17 177,24 46,36 300,06 -114,44 21,98 -91,70 21,49 

120,06 -61,22 22,12 155,10 44,61 317,81 -116,38 22,03 -90,58 21,50 

 


