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Abstract 
Concrete in the hardening phase is subjected to volume changes caused by thermal dilation 
and autogenous deformation. If these volume changes are restrained they may lead to 
cracking and further to functionality-, durability, and esthetical problems. The volume 
changes of concrete and the associated cracking risk can however be predicted by the use 
of calculation methods to assess the concrete’s early age structural behaviour. On the basis 
of such calculations and corresponding laboratory experiments, proper choice of concrete 
type, mineral additives and execution methods on-site can be taken to minimize or avoid 
cracking. Hardening phase crack risk assessment of concrete structures is the main topic of 
the current PhD work. 

The overall aim of the current study has been to contribute to an increased basic 
knowledge and understanding of early age concrete material properties (behavior) and also 
to investigate calculation methods to assess the concrete’s structural behavior under 
realistic temperature curing conditions.  

Five concretes with a varying amount of fly ash, 0 %, 17 %, 25 %, 33 % and 45 %, have 
been investigated (the fly ash content is given as percentage of the total amount of “cement 
+ fly ash”). For each concrete, an extensive experimental test program has been performed; 
including heat development, compressive strength, tensile strength, E-modulus in tension 
and compression, creep in tension and in compression, autogenous deformation 
development and restrained stress development. During testing, considerable focus was 
given to the effect of curing temperature, i.e. 20 oC isothermal versus realistic temperature 
conditions. The obtained test results have been used as a basis for restrained stress 
calculations performed with the calculation approaches Excel, CrackTeSt COIN and 
DIANA. By using laboratory experiments and analytical approaches, the concretes’ strain- 
and stress development and crack risk has been assessed. The concretes’ crack risk was 
reduced with increasing fly ash content in spite of a corresponding reduction in strength; 
this was mainly because the maximum temperature also was strongly reduced. 

The experimental test program has also included numerous tests in the Temperature-Stress 
Testing Machine (TSTM), which has been reconstructed and verified during the current 
work. The reconstruction has provided a more advanced management of the experiments 
and more extensive output from each test. By applying a representative degree of restraint 
and temperature history, the TSTM is now able to directly simulate the stress development 
of a given section of a concrete structure. In addition, the TSTM has been used as the 
answer for early age stress calculations, thus allowing for an evaluation and/or calibration 
of 1) the chosen calculation approaches and 2) the appurtenant material parameters 
determined from the previously described experimental test series.  

The work conducted in this thesis forms the basis for future enhancement on the 
knowledge on materials modeling, structural behavior, concrete mix-design and execution 
methods.  
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Sammendrag 
I herdefasen utsettes betongen for volumendringer forårsaket av termisk dilatasjon og 
autogen deformasjon. Dersom disse volumendringene er fastholdte, kan de føre til 
opprissing av betongen og videre til redusert funksjonalitet, bestandighet og estetikk. 
Betongens volumendringer og den tilhørende risikoen for opprissing kan imidlertid 
estimeres og evalueres ved hjelp av beregningsmetoder basert på betongens egenskaps-, 
tøynings- og spenningsutvikling i herdefasen. På grunnlag av slike beregninger og 
tilhørende laboratorieforsøk, kan rissrisikoen reduseres og om mulig også unngås ved hjelp 
av f.eks. betongens sammensetning og utførelsesmetoder.  

Det overordnede målet i denne studien har vært å bidra til en økt grunnleggende kunnskap 
og forståelse av betongens materialegenskaper i tidlig alder, og også å undersøke 
beregningsmetoder for å vurdere betongens tøynings- og spenningsutvikling under 
realistiske temperaturbetingelser.  

Fem betonger med en varierende mengde flyveaske, 0 %, 17 %, 25 %, 33 % og 45 %, har 
blitt undersøkt (flyveaskeinnholdet er gitt som prosent av den totale mengden av «sement + 
flyveaske»). For hver betong er det gjennomført et omfattende forsøksprogram, inkludert 
varmeutvikling, trykkfasthet, strekkfasthet, E-modul under strekk og trykk, kryp i strekk 
og i trykk, autogen deformasjon og spenningsutvikling. Betydelig fokus er viet effekten av 
herdetemperatur, dvs. 20 °C isoterme herdeforhold versus realistiske temperaturforhold. 
Forsøksresultatene har blitt brukt som basis for spenningsberegninger gjennomført i 
programmene Excel, CrackTeSt COIN og DIANA. Ved hjelp av laboratorieforsøk og 
beregningsmetoder har betongenes rissrisiko blitt estimert og redusert ved hjelp av 
tilsetning av flyveaske. 

Forsøksprogrammet har også inkludert en rekke tester i en moderne spenningsrigg 
(Temperature-Stress Testing Machine - TSTM), som har blitt rekonstruert og verifisert 
under det nåværende arbeidet. Oppdateringen av spenningsriggen har medført en mer 
avansert styring av forsøkene samt mer omfattende resultater fra hver test. Ved å bruke en 
representativ fastholdningsgrad og temperaturhistorie er spenningsriggen nå i stand til 
direkte å simulere spenningsutviklingen i en konstruksjons kritiske snitt. Spenningsriggen 
har også blitt brukt som fasit for spenningsberegninger, og har slik dannet et grunnlag for 
vurdering og kalibrering av 1) de valgte beregningsmetodene og 2) de tilhørende 
materialparametere bestemt fra den tidligere beskrevne forsøksserien.  
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1 Introduction 

1.1 Background and motivation 

Concrete is a strong, universal and favourable construction material which has been used 
since the building of Rome 2000 years ago. Modern use of concrete can be defined as the 
introduction of reinforced concrete in the late 1880s and the onset of industrial production 
of cement. From then on, a rapid development followed, and concrete is today the most 
used building material in the world. Although concrete as a building material has got many 
benefits, more challenging areas also exist. One of them is the concrete’s volume changes, 
especially in the hardening phase, which may lead to cracking and further to reduced 
functionality, durability and aesthetics. The volume changes of concrete and the associated 
cracking risk can however be predicted by use of calculation methods to assess the 
concrete’s early age structural behaviour. On the basis of such calculations, proper choice 
of concrete type and execution methods on-site can be taken to minimize or avoid 
cracking. Hardening phase crack risk assessment of concrete structures is the main topic of 
the current PhD work. 

Problems with high temperatures and thermal cracking in hardening concrete were first 
treated in the literature during the 1920s. At this time, a period of construction of large-
scale massive concrete dams began in the USA, and it was for the first time documented 
that early cracking in concrete members was associated with temperature rise due to 
hydration. During the construction of the Hoover dam in 1931 – 1935, new knowledge and 
techniques with regards to early age cracking were established; the significance of the 
chosen cement due to heat generation and strength growth, as well as the use of embedded 
cooling pipes to reduce the temperature increase. 

Originally, concrete curing technology was based on calculations of temperature- and 
strength developments. However, already in 1946 Löfquist measured the strain 
development and characterized the strain capacity in restrained concrete specimens 
subjected to realistic temperature histories [Löfquist, 1946]. Several years later, in the late 
1960s, increased focus was given to the importance of the degree of restraint, and 
consequently the first attempts to estimate the magnitude of stresses due to restrained 
thermal deformations and compare them with the increasing tensile strength of the concrete 
at early ages were made [RILEM, 1998]. In addition, with the increased use of high 
strength concretes, it became clear that also autogenous deformation contributes 
significantly to early age stress generation. 

Despite the well documented importance of both restraint and autogenous deformation 
when it comes to cracking in the hardening phase, many specifications in handbooks 
[NPRA, 2009] and design codes are still based on temperature gradients. This is simple, 
but clearly insufficient since temperature is only one of several interplaying factors. 
Modern curing technology, which is dealt with in the current thesis, takes into account the 
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most relevant properties, as well as the strain- and stress development in the structure; thus 
is much more accurate.  

Since the RILEM Munchen conference [RILEM, 1994], the concrete group at NTNU has 
been strongly involved in the early age cracking field both on the materials, the 
experimental and the computational aspects. The work has taken place both within EU- 
and national projects involving industrial, institutional and university participants. 
Numerous publications and participations at international conferences and workshops have 
resulted, as well as the following PhD theses: [Bjøntegaard, 1999], [Bosnjak, 2000], 
[Takacs, 2002], [Atrushi, 2003] and [Ji, 2008]. 

The topic early age crack assessment still faces a series of challenges: despite the research 
conducted during the recent years, severe cracking due to restrained volume changes can 
be found in today’s structures. To increase the applicability of early age crack assessment, 
changes in regulations (i.e. standards and guidelines) are necessary. For instance, Eurocode 
2 does not include anything on this topic. Furthermore, to maintain a solid basis for crack 
assessment calculations, it is important to continuously improve and update the existing 
material data bases, in particular due to new binders. In addition, when it comes to early 
age crack assessment, some of the research results found in the literature are few or rarely 
consistent and thus need further elaboration; e.g. autogenous shrinkage versus swelling, 
temperature effect on autogenous shrinkage, tensile versus compressive creep, as well as 
the general applicability of the linear viscoelasticity for aging materials. 

 

1.2 Objectives and scope 

The overall aim of the current PhD work was to contribute to an increased basic 
knowledge and understanding of early age concrete material properties (behavior) and also 
to investigate calculation methods to assess the concrete’s structural behavior under 
realistic temperature curing conditions. This was pursued by defining the following 
objectives: 

- Finalize and verify the reconstruction of the TSTM System1 to provide a more 
advanced management of the experiments and more extensive outcome from each 
test (e.g. optional degree of restraint and incremental E-modulus development) 

- Provide knowledge about the effect of concrete composition and mineral additives, 
exemplified by fly ash content, on strain and stress development and cracking 
sensitivity in concrete structures  

- Check the validity and improve existing material models necessary to assess the 
structural behaviour of early age concrete 

  

1 The Temperature-Stress Testing Machine (TSTM) System at NTNU 
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The objectives were to a large extent approached experimentally, providing an extensive 
experimental test program which has been performed during the current work. The main 
focus has been on strain and stress development and the effect of curing temperature, i.e. 
20 oC isothermal versus realistic temperature conditions. The additional analytical 
approach had two purposes: both to improve and verify the models themselves, and also as 
an evaluation of the experiments. The hypothesis has been to assess and reduce the 
concretes’ sensitivity to cracking by using mineral additives (in the current work 
exemplified by fly ash) with the means of laboratory experiments and analytical 
approaches. 

The current project deals with strain and stress development in the concrete hardening 
phase. This behavior is magnified in massive concrete structures, and thus the project is 
limited to deal with such structures as for example walls on slabs, large culverts and dams. 

Plastic shrinkage cracking in fresh concrete is a different though related area, which is not 
covered by the current PhD study. Likewise, the effect of drying shrinkage is not 
considered since concrete is covered by formwork for several days after casting, as well as 
the fact that drying shrinkage in massive concrete structures (after formwork removal) will 
only be a surface effect with minor impact on the overall hardening phase restraint stresses. 

As stated in the title, the thesis focuses on early age crack assessment of concrete 
structures. Mechanical properties at later ages (e.g. 28 and 91 days) are however also 
determined and included in the results. A reason for this is that the models used to describe 
the mechanical properties development at early ages often are based on the 28-day 
property value which often is used to characterize the quality of the concrete. Recently, it 
has also been considered to establish such models based on the 91-day property value, 
since it within the Eurocode committees is considered to replace the 28-days values with 
the 91-days values as quality reference. The relation between the property development at 
early ages and the corresponding 28- and 91 day property value is thus of considerable 
interest. In addition, it has been seen that some massive concrete structures (e.g. dams) 
require a considerable amount of time (years) to lose their hydration-generated heat, 
correspondingly prolonging the “risk of cracking” phase and thus underlining the 
importance of mechanical property values also at later ages.  

 

1.3 Outline of the thesis 

The thesis is organized in 10 chapters. The first chapter is an introduction to the topic, 
defining the background and the given objectives and scope of work. Chapter 2 presents a 
brief literature review on early age stress development, while Chapter 3 gives a description 
of the theoretical approach used for the currently performed early age stress calculations. 

In Chapter 4, a description of the mix design of the investigated concretes as well as the 
experimental test programme is given. 
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Chapter 5 describes the experimental equipment used during the current study: The 
Temperature-Stress Testing Machine (TSTM) System at NTNU which consists of a 
Dilation Rig and a Temperature-Stress Testing Machine (TSTM). The TSTM System was 
subjected to a reconstruction during the current work, and Chapter 6 describes the 
succeeding verification and documentation program.  

An extensive mechanical test programme has been carried out with the aim to establish a 
basis for early age stress calculations. Chapter 7 gives a presentation of the test results and 
the corresponding established material parameters further used in the calculations. Results 
from the test program performed in the TSTM and the Dilation Rig are given in Chapter 8. 

A brief summary of the influence of fly ash content on the various investigated properties 
is given in Chapter 9, while Chapter 10 presents the main conclusions and the future 
perspectives of the current topic. 
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2 Early age stress development, literature review 

2.1 Introduction 

Hardening phase volume changes in concrete, caused by the hydration reactions, are 
proven to be of considerable importance. If these movements are restrained by the 
geometry of the concrete structure or from casting joints against adjoining structural parts, 
stresses will generate in the newly cast concrete and may further lead to cracking. Volume 
changes caused by autogenous deformation and thermal dilation are the predominant 
driving forces to stress generation and cracking in concrete structures. The amount of stress 
generated by autogenous deformation and thermal dilation in a given time interval depends 
on the degree of restraint by the surrounding structures and the stiffness properties (E-
modulus and creep/relaxation) of the concrete. The stress development in a concrete 
structure during the hardening phase is illustrated in a schematic diagram in Figure 2.1. 
[RILEM, 1998, 2000, 2001, 2002, 2003, 2006] 

Research in the “early cracking” field has expanded strongly internationally since the early 
90`ies with the RILEM Munchen conference as a starting point [RILEM, 1994]. This has 
resulted in several major conferences devoted directly to the topic, or as special sessions at 
larger meetings, e.g. [JCI, 1998], [RILEM, 1998, 2000, 2001, 2002, 2003, 2006] and 
[Concreep 10, 2015]. In addition, large numbers of papers have been published in regular 
journals. 

 

Figure 2.1; Stress development during the hardening phase, from [Bjøntegaard, 2011] 

 

2.2 Volume changes in the hardening phase 

2.2.1 Thermal dilation 

The temperature induced volume change, Thermal Dilation (TD), is of major importance in 
stress analyses at early ages. Indeed, historically TD was considered in practice the only 
source before the use of higher strength concrete made autogenous deformation 
unavoidable as a significant contribution to stress generation (the 1994 Munchen 
conference had the title “Thermal Cracking in Concrete at Early Ages“). TD is caused by 



2  Early age stress development, literature review   

6 

 

temperature changes due to heat of hydration and environmental conditions. The relation 
between the temperature change T and the thermal strain T is given by the Coefficient of 
Thermal Expansion, CTE: 

  Equation 2.1 

Due to practical reasons, a constant value of CTE = 10.0·10-6 /oC is normally used for 
calculation purposes. However, the CTE is actually found to be a complex parameter 
which varies with both concrete mix constituents and time (degree of self-desiccation), 
[Sellevold et al., 2006]. After casting, the CTE drops from an initial high value to a 
minimum value over the first 12-14 hours, and thereafter the CTE gradually increases with 
time, [Bjøntegaard, 1999], [Hedlund, 2000], [Bjøntegaard et al., 2001], [Bjøntegaard et al., 
2004b], [Loser et al., 2010], [Maruyama et al., 2011] and [Wyrzykowski et al., 2013]. The 
initial rapid drop in CTE is also described by [Shoukry et al., 2011] and [Kim et al., 2011]. 
Additional CTE measurements over time are found in [Pane et al., 2008] and [Bjøntegaard 
et al., 2012]. [Emborg, 1989] differentiated between the coefficient of thermal expansion 
(heating phase, 8 - 24 hours) and contraction (cooling phase, 24 – 168 hours). The same 
method is described by [Hedlund, 1996] and [Westman, 1999], who both found that the 
coefficient of thermal expansion had a higher value than the corresponding contraction.  

A model simulating the CTE development over the first 7 days is presented in 
[Wyrzykowski et al., 2013]. The model is based on the relative humidity (RH) dependence 
upon temperature ( RH/ T), acknowledging the previously described CTE dependence on 
moisture content (degree of self-desiccation) [Sellevold et al., 2006]. A CTE model based 
on the maturity principle was proposed by [Bjøntegaard et al., 2004a]. 

 

2.2.2 Autogenous deformation 

Autogenous deformation (AD) is a consequence of chemical shrinkage: the absolute 
volume of hydration products is less than the total volume of the reactants (cement and 
water). A part of this inner volume loss also appears as an external shrinkage which is the 
AD [Lynam et al., 1934]. The main mechanism behind the AD is assumed to be self-
desiccation due to reduction in the water saturation as water is consumed by the on-going 
cement hydration in the concrete, i.e. capillary forces (negative pore water pressure) 
[Radocea, 1992], [Justnes et al., 1996], [Jensen et al., 1996], [Bjøntegaard, 1999], [Lura, 
2003] and [Bjøntegaard, 2011]. Volume changes caused by AD are found to be especially 
predominant in high performance concrete. This is related to the increased degree of self-
desiccation caused by the low water/binder ratio and the addition of silica fume [Sellevold 
et al., 1982], [Sellevold et al., 1988], [Jensen et al., 1995], [Jensen et al., 1996], [Lura, 
2003] and [Lee et al., 2003].  

The AD development has been found to be strongly influenced by the concrete curing 
temperature [Houk et al., 1969], [Bjøntegaard, 1999], [Jensen et al., 1999], [Hedlund et al., 
2001b], [Bjøntegaard et al., 2004b] and [Kim et al., 2011], and both [Bjøntegaard, 1999] 



2  Early age stress development, literature review 

7 

 

and [Jensen et al., 1999] concluded that the traditional maturity concept is not applicable to 
AD development. Various attempts to model the AD development have been found in the 
literature: e.g. [Hedlund, 2000] and [Hedlund et al., 2001b] (based on the maturity 
principle), and [Koenders, 1997], [Lura et al., 2003] and [Grondin et al., 2010] (based on 
capillary tension approach). [Kim et al., 2011] found a close correlation between the AD 
development and hydration temperature at an early age.  

 

2.3 Degree of restraint 

In a restrained concrete structure, the previously described volume changes will cause 
stress generation. Hardening concrete structures can be subjected to internal or external 
restraint. The restraint condition of a given section in a concrete structure depends on its 
location and the general configuration of the structure. For a wall cast on a stiff 
foundation/slab, the degree of restraint will vary over the structure and can be found by 2D 
or 3D linear elastic restraint analyses. With respect to risk of cracking, the critical section 
of a wall is the most unfortunate combination of high restraint and high curing 
temperature. For a wall cast on a stiff foundation/slab, the degree of restraint for the critical 
section (i.e. approximately one wall thickness away from the casting joint) will typically be 
R = 0.37 – 0.70 [Kanstad et al., 2001a].   

Descriptions, calculations and discussions regarding the degree of restraint in early age 
concrete structures are found in e.g. [Emborg, 1989], [Larson, 2001], [Hedlund et al., 
2001a], [Kanstad et al., 2001a], [Nilsson, 2003] and [Bjøntegaard, 2011]. 

 

2.4 Material models and relevant material properties 

2.4.1 Degree of hydration and maturity  

After casting, concrete gradually develops strength and stiffness as the reaction of cement 
and water takes place. It is well known that the concrete hydration rate increases with 
increasing temperature. Hence, the property development (i.e. the development of 
hydration products) of hardening concrete is dependent on time and temperature, and can 
be described and modelled based on the degree of hydration or by the maturity principle. 

The degree of hydration, , describes the development of hydration reactions of the cement 
and can be defined in several ways [Freiesleben Hansen, 1978],  [Byfors, 1980] and [De 
Schutter et al., 1996]. Two common definitions are “the ratio of amount of reacted cement 
to the original amount of cement” and “the ratio of chemically bound water to the quantity 
of chemically bound water at complete hydration”. For engineering purposes, the quantity 
of heat developed has also been justified used as a measure of the degree of hydration. The 
degree of hydration is then defined as “the ratio of quantity of heat developed to the 
quantity of heat developed at complete hydration”. The choice of definition for the degree 
of hydration is usually related to the test methods available.  
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Also the maturity principle can be used for defining the property development of concrete 
(i.e. the state of hardening) at all times from mixing and through the hardening phase, see 
[Saul, 1951], [Rastrup, 1954], the pioneer for the model used today by [Freiesleben Hansen 
et al., 1977], [Chengju, 1989], [Pedersen, 1994] and [Bjøntegaard, 2011]. The maturity 
principle defines a relation between concrete curing temperature and strength development. 
[De Schutter, 2004] wrote that “The maturity principle states that samples of a given 
concrete will acquire the same strength when equal maturities are reached, irrespective of 
their temperature histories”. The equivalent age teq is highly related to and often also 
denoted maturity. The equivalent age is defined as the time that a concrete would have to 
be cured at a reference temperature (usually 20 oC) to achieve the same maturity as the 
concrete undergoing the actual curing history [Rastrup, 1954]. The Arrhenius function is 
the temperature function most commonly used with the maturity principle. The 
temperature function, also called the affinity ratio, describes the relation between the 
concrete hydration rate and the curing temperature. 

[De Schutter, 2004] compared the degree of hydration concept with the maturity method 
and stated that both methods principally yield the same results and conclusion. He also 
found that both models can be recognized as valid tools for modelling the total thermo-
viscoelastic behaviour of early age concrete. A brief discussion on the degree of hydration 
concept versus the maturity concept is also given in [Breugel, 2001]. 

 

2.4.2 Start time for stress development, t0 

The start time for stress development, t0, is defined as the time at which the E-modulus 
reaches significant values so that the occurring volume changes can produce measurable 
stresses. Hence, at t0, both strength and stiffness are defined to be zero, but beyond this 
they start to develop significant values. From this follows that the stress-inducing 
deformations are those occurring beyond t0, and therefore the natural start of the thermal 
dilation and autogenous deformation is t0, [Bjøntegaard et al., 1999], [Bjøntegaard et al., 
2000] and [Kanstad et al., 2003b].  

t0 can be determined directly from E-modulus versus time data, from compressive strength 
tests, from semi-adiabatic calorimetry tests or from measured stress development in a 
Temperature-Stress Testing Machine, [Bjøntegaard et al., 1999] and [Kanstad et al., 2003a, 
b]. [Lura et al., 2009] showed how acoustic emission can be used to indicate the time when 
the fluid–solid transition occurs in a cement paste (i.e. time-zero), while [Carette, 2015] 
described a newly developed methodology for ultrasonic determination of setting time 
which was found to correlate well with the corresponding setting time deduced from 
standardized ASTM test methods. 
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2.4.3 Heat development 

The hydration of concrete is an exothermic process, and a considerable amount of heat can 
be generated during the hardening phase. The rate of heat generation is dependent on both 
the degree of hydration and the actual temperature. The concrete heat development is often 
measured by adiabatic or semi-adiabatic calorimetry tests [Freiesleben Hansen, 1978], 
[Morabito, 1998].  

Several models simulating the concrete heat development can be found in the literature. 
The generally used model in Norway is maturity-based and was proposed by [Freiesleben 
Hansen et al., 1977]. It should be noticed that the used Arrhenius equation is purely 
empirical, and that it should not be interpreted as a model of the hydration processes 
[Freiesleben Hansen et al., 1982]. Another model, developed and commonly used in 
Sweden, is described in e.g. [Byfors, 1980], [Emborg, 1989], [Jonasson, 1994], [JEJMS 
Concrete AB, 2009-2012] and [Jonasson et al., 2010]. A heat development model valid for 
Portland cement and blast furnace slag cement was developed by [De Schutter et al., 
1995]. In this model, the heat production rate is calculated as a function of the actual 
temperature and the degree of hydration, where both influences are described separately by 
different functions. 

 

2.4.4 Compressive strength, tensile strength and E-modulus 

As previously described, concrete gradually develops strength and stiffness during the 
hardening phase as the hydration products form. The cement hydration, and hence the 
material properties development, is dependent on time and temperature. 

Although the compressive strength of concrete is a fundamental and much studied concrete 
property, it is not decisive for early age cracking. Compressive strength is however 
relatively easy to determine, and is therefore often used in correlation with other properties 
which are decisive for early age stress development (tensile strength and E-modulus). At 
an engineering level (macroscale level), there are at least five different concepts which can 
be used to describe the development of compressive strength during the hydration process: 
the porosity concept, the gel-space ratio concept, the degree of hydration concept, the 
maturity principle and chemistry-oriented strength laws [Breugel, 2001].  

The tensile strength of concrete is a vital parameter when it comes to early age cracking. 
Tensile strength can be determined directly by uniaxial tensile strength tests, or indirectly 
by splitting tensile strength tests or bending tests. The indirect tensile splitting test is 
considered favourable from a laboratory perspective due to the difficulties experienced 
with direct tensile methods, e.g. [Kanstad et al., 2001b]. However, the direct uniaxial 
tensile strength is the desired input parameter for stress calculations. 

The concrete E-modulus is also an important parameter for early age stress calculations. 
The E-modulus can be determined both by compressive tests and tensile tests. Usually, the 
tensile and compressive E-modulus are assumed to be the same both for early age and 
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mature concrete [Kanstad et al., 2003a]. However, this relation seems to be somewhat 
unclear as some studies state that the tensile E-modulus tends to be higher than the 
compressive E-modulus, e.g. [Brooks et al., 1977], [Onken et al., 1995] and [Yoshitake et 
al., 2013].  

An extensive number of test results on compressive strength, tensile strength and E-
modulus are reported in the literature, e.g. [Brooks et al., 1977], [Byfors, 1980], 
[Shkoukani et al., 1991], [Westman, 1995], [De Schutter et al., 1996], [Khan et al., 1996],  
[Bjøntegaard et al., 2003], [Kanstad et al., 2003a], [Bjøntegaard, 2004], [Pane et al., 2008], 
[Ji, 2008], [Bjøntegaard et al., 2012] and [Kjellmark et al., 2015]. Similarly, also a wide 
number of models describing the materials property development can be found, a selection 
of which are summarized in e.g. [Byfors, 1980], [Emborg, 1998], [Hedlund, 2000], 
[Kanstad et al., 2003b] and [Bjøntegaard et al., 1999]. A “degree of hydration”-based 
description of the material properties was presented by [De Schutter et al., 1996]. 
Alternatively, the mechanical properties development has also been described by the 
maturity-based heat development model proposed by [Freiesleben Hansen et al., 1977]. 

The developments of compressive strength, tensile strength and E-modulus are not found 
to be linear correlated, see the relative development presented in Figure 2.2. Several 
studies have reported that the tensile strength tends to grow relatively faster than the 
compressive strength, e.g. [Byfors, 1980], [Yoshitake et al., 2013], [Khan et al., 1996], 
[Kanstad et al., 2001b] and [Kjellmark et al., 2015]. Similarly, also the E-modulus have 
been found to increase at a higher rate than the compressive and tensile strength [Byfors, 
1980], [De Schutter et al., 1996], [Kanstad et al., 2001b] and [Kjellmark et al., 2015]. This 
is unfortunate with respect to early age cracking as the stress development in early age 
concrete is dependent on the E-modulus, while the risk of cracking is directly dependent on 
the tensile strength.  

 

Figure 2.2; Relative development of compressive strength, 
tensile strength and E-modulus [Kanstad et al., 2001b] 
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2.5 Creep and relaxation 

The time-dependent stress response of concrete is a complex and much studied 
phenomenon which is usually described by creep or relaxation. Creep is the time-
dependent deformation of concrete subjected to a constant load, while relaxation is the 
reduction in stress over time for concrete subjected to a constant deformation, see Figure 
2.3. Creep and relaxation are closely connected physically, and in concrete structures they 
often occur in combination with each other. In engineering practice, the term creep is often 
used to denote both creep and relaxation of stresses [Neville, 1970]. Creep is closely 
connected to the E-modulus, and creep should thus be considered in combination with the 
E-modulus development when evaluated. 

 

Figure 2.3; Creep (left) and relaxation (right), from [Bosnjak, 2000] 

When a sustained stress is removed, the concrete undergoes an instantaneous recovery. The 
instantaneous recovery is followed by a time-dependent recovery, also denoted creep 
recovery, Figure 2.4. The creep recovery is found to be smaller than the proceeding creep 
regardless of the ages at loading and unloading [Neville, 1970]. In addition, the E-modulus 
at the initial stress application is lower than the E-modulus at the succeeding stress 
removal. Consequently, concrete subjected to a sustained stress which is subsequently 
unloaded exhibits both instantaneous and time-dependent strains, in addition to an 
irrecoverable strain also denoted residual strain, Figure 2.4.  

Creep of concrete is a complex property which has been found to be dependent on a 
number of factors, e.g. load level, type of stress (compressive versus tensile), temperature, 
loading age, w/b ratio, size of specimen and concrete mix constituents [Neville, 1970]. 
Numerous studies on creep and its influences are found in the literature, the research 
results are however rarely consistent. For instance, while several studies conclude that 
(long time) tensile creep is larger than compressive creep, e.g. [Illston, 1965], [Brooks et 
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al., 1977], [Atrushi, 2003] and [Ji et al., 2012], other studies presents contradictorily 
results, e.g. [Hagihara et al., 2000] and [Gutsch, 2001].    

 

Figure 2.4; Instantaneous and creep recoveries, from [Neville, 1970] 

Several mathematical models simulating creep and relaxation have been proposed over the 
years. Descriptions of the mechanisms of creep in concrete, in addition to creep test results 
and calculation methods, are given in e.g. [Illston, 1965], [Byfors, 1980], [Kanstad, 1990], 
[RILEM, 1994], [Bazant et al., 1995], [Westman, 1995], [RILEM, 1998], [Bosnjak, 2000], 
[Bazant, 2001], [Jonasson et al., 2001], [Takacs, 2002], [Atrushi, 2003], [Ji, 2008] and 
[Concreep 10, 2015]. 

 

2.6 Crack index 

The risk of concrete cracking in a given case can be described by a crack index, Ci. The 
crack index is a time-dependent ratio between the concrete’s self-induced tensile stress and 
its tensile strength. A calculated crack index of 1.0 or higher indicates that the actual 
tensile stress exceeds the tensile strength, and hence cracking will occur. In calculations, 
the allowed crack index is often limited to 0.7 as safety, which comprises an incorporation 
of statistical spread of the concrete properties, as well as uncertainties on-site (climate, 
etc.) and in the calculations. 

In some countries, a safety factor (the inverse of the crack index) is used instead of a crack 
index, e.g. [Koenders, 1997] and [Nilsson, 2003].  
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3 Early age stress development, theoretical approach 

3.1 Introduction 

Early age stress calculations have been performed with the aim to back-calculate stress 
developments measured in the recently updated Temperature-Stress Testing Machine 
(TSTM). The following sections give a description of the theoretical approach used as 
basis for these calculations. As described in the previous chapter, early age concrete is 
subjected to volume changes, Section 3.2. If these volume changes are restrained, Section 
3.3, stresses will start developing in the concrete structure. The amount of stress generated 
in a given time interval is also dependent on the E-modulus and the time-dependent stress 
response of the concrete, Section 3.4 and Section 3.5. Further is the concrete’s probability 
of cracking evaluated by its crack index as described in Section 3.6, while Section 3.7 
presents the three different calculation programs used for the TSTM stress calculations: 
TSTM-sim (Excel), CrackTeSt COIN and DIANA.  

A comparison of stress developments calculated by the different calculation programs, 
together with the corresponding measured stress histories, is given in Chapter 8.3. 

  

3.2 Volume changes in the hardening phase 

In the currently performed TSTM stress calculations, free deformation measured in parallel 
Dilation Rig tests were used as input describing the early age volume changes, i.e. the 
thermal dilation (TD) and the autogenous deformation (AD), of the given concrete. 

As described in Chapter 2, the Coefficient of Thermal Expansion (CTE) is a complex 
parameter which varies both with time and moisture content. However, in the current study 
the often used simplification of a constant CTE over time has been applied. For the 
majority of the performed test, the CTE was determined by temperature loops at the end of 
the tests, see Chapter 7.8. Based on these results, one constant CTE was determined for 
each concrete. The constant CTE approximation has had no impact on the stress 
calculations, as they were based on the total measured free deformation (TD + AD). A 
constant CTE will however introduce an inaccuracy to the deduced AD. Figure 3.1 
illustrates the effect on obtained AD when using a constant CTE as opposed to a CTE 
which varies with time, CTE(t). The CTE development over time was estimated by the 
maturity-based model proposed by [Bjøntegaard et al., 2004a]. The model was applied an 
assumed minimum CTE value of 7.5·10-6 /oC at the start time for stress development t0 and 
a long-term value deduced from the given test. Figure 3.1 shows that the simplification of a 
constant CTE causes an early parallel displacement of the AD curve (increased 
contraction). The deviation occurs in a phase where the deduced AD curves have been 
found to show certain anomalies, and these should therefore not be emphasized. As already 
stated, the currently performed stress calculations are based on the total measured 
deformation and are thus not affected by the choice of CTE. In addition, if using the 
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deduced AD in combination with another temperature history, the simplification of a 
constant CTE would only have a limited influence on the stress development, as the early 
parallel displacement of AD occurs in a phase where the E-modulus is still rather low. The 
main point is therefore that the currently used constant CTE will cause a small 
overestimation (in form of an early parallel displacement) of the real AD development.  

  

Figure 3.1; CTE as a function of time CTE(t) versus a constant CTE (left), and corresponding 
deduced autogenous deformation (right) 

 

3.3 Degree of restraint 

The early age stress calculations were established to perform “back-calculations” of the 
stress development measured in the updated TSTM. Consequently, the degree of restraint 
applied to the stress calculations were the same as applied to the TSTM during testing, i.e. 
100 % for isothermal tests and 50 % for realistic temperature tests (i.e. defined as the ratio 
between restrained and total deformation in the TSTM tests times 100 %). 

 

3.4 Material models and relevant materials properties 

3.4.1 Maturity 

In the current work, the maturity principle has been used to describe the effect of curing 
temperature on the concrete’s heat and property development. The reference temperature is 
set to be 20 oC, and the Arrhenius equation has been used as temperature function 
[Freiesleben Hansen et al., 1977] and [Freiesleben Hansen et al., 1982]. According to the 
Arrhenius principle, the rate of hydration H(T) can be expressed as shown in Equation 3.1. 
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 Equation 3.1 

where H is the hydration rate function, R is the gas constant, T is the temperature and ET is the 
activation energy: ET = A + B(20-Ti), where B = 0 for T > 20oC and B has a given value for T < 20 oC, 
and A has a fixed value for all temperatures.  

The increase in maturity within a time increment is then H(Ti) · ti. The equivalent time 
(which in the current work has been denoted maturity time M) at a certain concrete age 
(after n intervals) is then the sum of all maturity growth increments as shown in Equation 
3.2: 

 
 Equation 3.2 

where M is the maturity time, teq is equivalent time, H is the hydration rate function and T is the 
temperature  

 

3.4.2 Start time for stress calculations t0 

For each concrete, the start time for stress calculations t0 has been found by: 1) 
compressive strength tests over time, 2) semi-adiabatic calorimetry tests and 3) measured 
stress development in the TSTM. The results are compared and discussed in Chapter 7.5, 
and for the stress calculations it was concluded to use t0 found directly from TSTM stress 
measurements, which is assumed to be the most reliable approach.  

 

3.4.3 Heat development 

The concretes’ hydration heat evolvements were determined by semi-adiabatic calorimeter 
tests, see Chapter 4.3.2. For each test, the measured temperature development was 
converted to isothermal heat development and adiabatic temperature development by an 
Excel-run calculation routine [Smeplass, 1988, 2001] which is briefly described in the 
following: the applied log intervals ti (e.g. 15 minutes) are converted into corresponding 
maturity time by the Freiesleben Hansen model given in Equation 3.2. Further, for each ti, 
the following calculations are performed:  

- The concretes’ heat development Qsi is calculated from Equation 3.3  
- The heat loss to the surroundings Qti is calculated by Equation 3.4.  

The heat development is calculated from the temperature change in the concrete, while the 
heat loss calculation is based on the assumption that the heat flow out of the given curing 
box is proportional to the temperature difference between the concrete and the 
surroundings. This proportionality coefficient is called the “cooling factor”, a, and it is 
specific for each tests and its corresponding test conditions. a is calculated by demanding a 
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small given heat development value over a defined time interval for high maturity ages, 
where the hydration (and the corresponding heat development) is close to zero. For 
instance, a common criteria for ANL cement has been dQ/dm = 0.1 kJ/kg·h for the time 
interval 150 – 200 maturity hours. The isothermal heat development is found by adding up 
the heat development Qsi and the heat loss Qti over each time interval, Equation 3.5, and 
plotting it as a function of maturity. 

  Equation 3.3 

where Qsi is the heat growth in the time interval ti, Tci is the corresponding concrete temperature 
change, c is the specific heat capacity and  is the density 

  Equation 3.4 

where Qti is the heat loss in the time interval ti, (Tci – Tai ) is the temperature difference between the 
concrete and the surroundings in the time interval ti, c is the specific heat capacity,  is the density 
and a is the cooling factor 

 
 Equation 3.5 

where Qn is the heat development obtained at time interval n, Qsi is the heat growth in the time 
interval ti and Qti is the heat loss in the time interval ti 

The adiabatic temperature development at a given time of maturity is found by converting 
the total accumulated heat development into a temperature increase, Equation 3.6. The 
appurtenant adiabatic time (i.e. the time needed to achieve the corresponding maturity 
under adiabatic temperature conditions) is found by adjusting ti by the ratio between the 
semi-adiabatic hydration rate and the corresponding adiabatic hydration rate, Equation 3.7.  

 
 Equation 3.6 

where TAn is the adiabatic temperature at time interval n, Qi is the total accumulated heat 
development obtained at time interval ti, c is the specific heat capacity and  is the density  

 
 Equation 3.7 

where tAn is adiabatic time corresponding to TAn at the time interval n, H(Tci) is the hydration rate for 
the actual measured temperature at the time interval ti, and H(Tci) is the hydration rate for the 
corresponding adiabatic temperature development   

Finally, the calculation routine establishes a heat development model by fitting the 
Freiesleben Hansen model, Equation 3.8 [Freiesleben Hansen, 1978] and [Pedersen, 1994], 
to the obtained heat development results. 
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 Equation 3.8 

where Q(te) is the heat generation as a function of maturity time te, Q  is the final heat after “infinite” 
time as well as a curve fitting parameter, together with  and   

For the currently performed early age stress calculations, the heat- and temperature 
development in the concrete has been applied as an externally imposed temperature 
history. The applied temperature histories were the actual temperature history measured 
during the corresponding TSTM tests. These realistic TSTM temperature histories were 
calculated in CrackTeSt COIN prior to testing, and they were based on discrete heat 
development values as a function of maturity (i.e. the semi-adiabatic calorimetry test 
results prior to the previously described model-fitting), see Chapter 7.3.  

In CrackTeSt COIN, the concrete heat development can either be described by discrete 
values or as given by Equation 3.9 [JEJMS Concrete AB, 2009-2012] and [Jonasson et al., 
2010]. 

 
 Equation 3.9 

where W is the heat generation as a function of maturity time te, C is the cement content, Wc is the 
final heat after “infinite” time, and 1, 1 and t1 are curve fitting parameters 

 

3.4.4 Compressive strength, tensile strength and E-modulus 

For the TSTM stress calculations in Excel, the compressive strength, tensile strength and 
E-modulus were modelled by Equation 3.10, which is a modified version of CEB-FIP MC 
1990 [CEB-FIP, 1991], see [Kanstad et al., 2003b] and [Bjøntegaard, 2011]: 

 

 Equation 3.10 

where X(te) is the mechanical property as a function of maturity te. X(28) is the property at 28 days, s 
and n are curve-fitting parameters, and t0 = t0* is the start time for stress development [maturity 
time], the parameter t0 was introduced by [Kanstad et al., 2003b], while t0* was later introduced in 

the program CrackTeSt COIN [Jonasson et al., 2010] and [JEJMS Concrete AB, 2009-2012]. 

Consequently, the equations describing the compressive strength, tensile strength and E-
modulus in the Excel calculations are as presented in Equation 3.11, Equation 3.12 and 
Equation 3.13, respectively. The s-parameter is the same for all properties, while the n-
parameter is varying. The 28-days properties as well as the curve-fitting parameters were 
determined by parallel mechanical testing, see Chapter 7.4. 
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where 
nc = 1 

Equation 3.11 

 

 Equation 3.12 

 

 Equation 3.13 

In DIANA, the strength and stiffness properties were applied the analyses in form of 
discrete values as a function of maturity obtained from the models as presented above. In 
CrackTeSt COIN, however, a somewhat different model has been used to describe the 
compressive and tensile strength development, see [Jonasson et al., 2010] and [JEJMS 
Concrete AB, 2009-2012]. The CrackTeSt COIN curve-fitting parameters were determined 
by fitting the CrackTeSt COIN models to the property development described by Equation 
3.11 and Equation 3.12. 

 

3.5 Creep 

The concrete’s time-dependent stress response has been modelled based on the theory of 
linear viscoelasticity for ageing materials. This theory implies that the creep strains under a 
constant stress are linearly related to the stress level, Equation 3.14. 

  Equation 3.14 

where t is the concrete age, t’ is the concrete age at which the actual stress  was applied, (t) is the 
creep strain, and J(t,t’) is the compliance function. 

The principle of superposition applied ageing of concrete can be interpreted as “…the 
strains produced at any time t by a stress increment applied at age t’ < t are independent 
of the effects of any stress applied earlier or later” [Neville, 1970]. Thus, by combining 
the theory of linear viscoelasticity with the principle of superposition, the total strain for a 
variable stress history can be expressed by Equation 3.15. This means that the stress at a 
certain position and point in time depends on the entire stress history. Correspondingly, the 
total stress for a variable strain history can be expressed by Equation 3.16. 
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 Equation 3.15 

where J(t,t’) is the compliance function of time t for a stress induced at time t’, as(t) is autogenous 

deformation and T(t) is thermal dilation  

 
 Equation 3.16 

where R(t,t’) is the relaxation function of time t for a strain induced at time t’, d (t’) is the strain 

increment and d (t’) is the stress-independent strain increment at time t’  

The Excel calculations were based on superposition of creep curves (Equation 3.15), where 
the compliance function J(t,t’) was described by the Double Power Law, Equation 3.17 
[Bazant et al., 1976]. The Excel calculation routine is presented in Section 3.7.2, and the 
applied creep parameters were determined from parallel creep tests, see Chapter 7.7. 

 
 Equation 3.17 

where t is the concrete age, t’ is the concrete age at which the actual stress was applied, teq’ is the 
maturity at t’,  Ec(teq’) is the E-modulus at teq’, and 0, d and p are creep model parameters  

In CrackTeSt COIN, the time-dependent stress response of concrete is described by a 
Maxwell Chain model, i.e. the calculations are based on relaxation curves (Equation 3.16). 
Because of this, the above described creep parameters were converted to relaxation data by 
the program RELAX [Jonasson et al., 2001] prior to the TSTM simulations in CrackTeSt 
COIN.  

The creep/relaxation behaviour of concrete can be modelled by several different 
approaches in DIANA. For the currently performed TSTM stress calculations, two 
different approaches were used: 1) The Double Power Law model and 2) Direct input of 
the Maxwell Chain model. For the latter approach, the relevant creep parameters were 
converted to relaxation data by the program RELAX [Jonasson et al., 2001].  

 

3.6 Crack index 

The calculated stress development obtained for the various concretes have been compared 
and the various concretes evaluated by their crack index, Ci. For this purpose, the crack 
index is defined as the time-dependent ratio of the concrete’s self-induced tensile stress to 
its average tensile strength as expressed by Equation 3.18. 
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 Equation 3.18 

where Ci is the crack index,  is the occurring tensile stress and ft is the tensile strength   

 

3.7 Restrained stress development in the TSTM – calculation approaches  

3.7.1 General 

Three different calculation approaches have been used to simulate the uniaxial stress 
development in the TSTM: 

- TSTM-sim: a specially designed 1D calculation program run in Excel  
- The special-purpose program CrackTeSt COIN 
- The multi-purpose FE program DIANA 

The current section gives a presentation of the above listed calculation approaches. A 
comparison of the calculated stress developments with corresponding measured stress 
histories is given in Chapter 8.3. 

 

3.7.2 TSTM-sim (Excel) 

3.7.2.1 Introduction 

A calculation routine denoted TSTM-sim, simulating the uniaxial stress development in the 
TSTM at a given degree of restraint, was programmed in Excel and Visual Basic 
[Microsoft Office, 2010]. This section gives a description of the established calculation 
routine and algorithm. 

 

3.7.2.2 Simulation steps 

Figure 3.2 gives a schematic description of the different steps in the calculation routine. 
The simulation steps are described in the following: 

STEP 1: The first step in the calculation routine is to collect, organize and insert the 
required input data into the designated cells in the Excel workbook. The necessary input 
data comprises: 1) Material parameters describing the given concrete, 2) Free deformation 
and temperature measured in the parallel Dilation Rig test and 3) Temperature measured in 
the TSTM.  

STEP 2: After the required input data is inserted, the maturity, E-modulus and tensile 
strength development over time is calculated.  

STEP 3: The third step in the calculation routine is to define the time intervals to be used in 
the stress and strain calculations. The Dilation Rig test results contain recorded data for a 
considerable amount of points in time. For the current stress and creep calculations, it is 



3  Early age stress development, theoretical approach 

21 

 

necessary to reduce the amount of points in time, i.e. to define longer time intervals. 
Therefore, a Visual Basic macro which copies recorded data rows with a certain interval 
into a new worksheet was established. The interval size can be defined by the user; for 
instance each 30th minute up until 100 hours and each 60th minute beyond 100 hours.  

STEP 4: The fourth step in the routine is to calculate the creep- and stress development for 
each time interval defined in step 3. The calculations are implemented in a Visual Basic 
macro as described in the next section. 

 

Figure 3.2; TSTM-sim: restrained stress calculations in Excel – simulation 
method, schematic diagram 

 

3.7.2.3  Calculation algorithm 

As described in Section 3.5, the total strain for a variable stress history can be determined 
with the principle of superposition as shown on discrete form in Equation 3.19. The sum of 
autogenous deformation as(t) and thermal dilation T(t) in the equation equals the free 
deformation measured in the Dilation Rig.  

 
 Equation 3.19 

where J(t,t’) is the compliance function of time t for a stress increment (t’) induced at time t’, as(t) 

is autogenous deformation and T(t) is thermal dilation  
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For the given calculations, the compliance function J(t,t’) has been described by the 
Double Power Law, Equation 3.20.  

 
 Equation 3.20 

where t is the concrete age, t’ is the concrete age at which the actual stress was applied, teq’ is the 
maturity at t’,  Ec(teq’) is the E-modulus at teq’, and 0, d and p are creep model parameters  

A strain increment  generated in the time interval between tr-1 and tr is derived in the 
following. Total strain at time tr-1 is given by Equation 3.21, while the total strain at the 
succeeding time tr is given by Equation 3.22. 

 
 Equation 3.21 

 

 
 Equation 3.22 

where tq-1/2 is the time in the middle of the stress increment on a linear scale 

Consequently, the strain increment  generated in the given time interval is given by 
Equation 3.23 - Equation 3.24. 

  Equation 3.23 

 
 Equation 3.24 

where  and  is the free deformation (i.e. sum of 

as and T) in the given time interval 

Equation 3.24 can also be written as shown in Equation 3.25 and Equation 3.26. 

  Equation 3.25 

i.e.  Equation 3.26 

where 

 

 
 Equation 3.27 
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 Equation 3.28 

During a test in the TSTM, the total strain increment generated over a time interval, i.e. 
 in Equation 3.26, is given by the actual degree of restraint. For example, if the degree 

of restraint is 100 % (fully restrained), the TSTM is not allowed to move, hence . 
For a degree of restraint between 0 and 100 % (i.e. 0 – 1.0), the total strain increment  
is as shown in Equation 3.29. 

   Equation 3.29 

From Equation 3.26 and Equation 3.29, it follows that the stress induced over a given time 
interval is as presented in Equation 3.30. 

  Equation 3.30 

The procedure of the final calculation algorithm is first to find E” (Equation 3.27), then 
 (Equation 3.28) and eventually  (Equation 3.30) for each defined time interval. 

Thereafter, ,  and  are determined. Equation 3.28 is a comprehensive 

equation which requires numerous summations and calculation steps, and it is therefore 
found practical to perform the current calculation in Visual Basic. The Visual basic macro 
calculates the development of creep strain  and total strain  by Equation 3.31 

and Equation 3.32, respectively. 

 
 Equation 3.31 

 

 
 Equation 3.32 

The calculated results are presented both as discrete values and as graphs. 

During the current study, the specially designed program run in Excel was modified to 
open for a more comprehensive calculation algorithm with regard to the viscoelastic 
behaviour. The modified stress calculation, denoted “TSTM-sim-mod”, differentiates 
between creep in compression, creep recovery and creep in tension, see Figure 3.3. The 
appurtenant sets of creep parameters (creep in compression, creep recovery and creep in 
tension) were determined from dedicated creep tests in the TSTM System as presented in 
Chapter 7.7. 
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Figure 3.3; Enhanced stress calculation (TSTM-sim-mod): creep in compression, creep 
recovery and creep in tension 

 

3.7.3 CrackTeSt COIN 

3.7.3.1 General 

A uniaxial stress analysis simulating the stress development in the TSTM was established 
in CrackTeSt COIN [JEJMS Concrete AB, 2009-2012], which is a 2D special-purpose 
program which calculates temperature, strength, stress and cracking risk development in 
hardening concrete structures.  

 

3.7.3.2 CrackTeSt COIN model and input-data 

The geometry of the modelled TSTM cross-section is given in Figure 3.4. CrackTeSt 
COIN creates a computation mesh consisting of a number of sub-blocks (elements). The 
program requires eight elements or more across the cross-section to obtain sufficient 
accuracy in the computation. The element mesh generated by the program for the current 
analysis is shown in Figure 3.4.  
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Figure 3.4; CrackTeSt COIN TSTM model: geometry (left) Finite 
element model (right) [mm] 

The concrete temperature development is applied as an external temperature history over 
time. The concrete convection is set to be high, and thus, the external temperature directly 
controls the temperature development in the concrete model. As a control of the chosen 
temperature application, the temperature input was compared with the succeeding concrete 
temperature development obtained from the analysis. The measured free dilation in the 
dilation rig is applied the TSTM model as: 1) thermal dilation induced by the enforced 
temperature development, as well as 2) autogenous deformation applied as concrete 
shrinkage.  

The TSTM model is applied full restraint during isothermal tests (i.e. no translation as well 
as no rotation around the x-axis nor the y-axis) and a restraint of 50 % for tests subjected to 
realistic temperatures. 

In CrackTeSt COIN, the time-dependent stress response is described by a Maxwell chain 
model, i.e. the calculations are based on relaxation curves. The creep parameters were thus 
converted to relaxation data by the program RELAX [Jonasson et al., 2001] prior to the 
TSTM simulations in CrackTeSt COIN.  

 

3.7.3.3 Analysis - Numerical solution technics 

An early age stress calculation in CrackTeSt COIN consists of a heat flow analysis 
followed by a structural analysis.  

All temperature calculations in CrackTeSt COIN are conducted in a two-dimensional 
plane. The results from the heat analysis are: temperature development, equivalent time 
(maturity time), compressive strength and boundary heat flow. CrackTeSt COIN 
automatically converts the heat flow results into input data for the structural analysis.  

In the structural analysis, the same element mesh as for the heat analysis is used. However, 
the structural analyses only considers stresses in the orthogonal direction to the plane 
where the temperature development was calculated. Two different stress conditions are 
available in CrackTeSt COIN, which both are based on the Navier-Bernoulli hypothesis 
(i.e. plane sections remain plane): linear line analysis and plane surface analysis. In the 
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current calculations, the plane surface model was used, i.e. the stresses vary in the xy-plane 
according to the boundary conditions given by the user.  

The result from the structural analysis includes compressive- and tensile strength 
development, stress development, stress/strength ratio (i.e. the crack index) and strain ratio. 

 

3.7.4 DIANA 

3.7.4.1 Introduction 

A third uniaxial TSTM simulation method was established by the multi-purpose 3D FEM-
program DIANA [TNO DIANA BV, 2010], and this method is described in the following 
sections.  

 

3.7.4.2 DIANA model 

The modelled TSTM’s geometry and dimensions are shown in Figure 3.5. Only the central 
section of the TSTM, i.e. the length between the measuring bolts (700 mm) was modelled. 
The two short ends were modelled as vertical symmetry surfaces. Each element size in the 
TSTM model was defined to be ¼ of the specimen’s cross-section, i.e. 44 mm x 50 mm x 
116.7 mm, see Figure 3.5. 

 

 

Figure 3.5; DIANA model of the TSTM: geometry (left) finite element model (right) [mm] 

In DIANA, the TSTM simulation was performed as a staggered flow-stress analysis. This 
involves a transient heat flow analysis followed by a structural analysis. For this purpose, 
three different types of elements were used. For the structural analysis, the twenty-node 
isoparametric solid brick element CHX60 was applied, Figure 3.6 (left). DIANA 
recognizes the type of analysis from the module that is invoked, and prior to a heat flow 
analysis any structural element with material properties appropriate for the analysis type 
will be converted internally to a flow element. The structural element CHX60 is converted 
into the flow element HX8HT, an eight-node isoparametric brick element, Figure 3.6 
(middle). To describe the heat convection along the outside surfaces of the concrete 
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structure, the flow element BQ4HT was used, Figure 3.6 (right). The BQ4HT element is 
linear interpolated, i.e., it has no mid-sides nodes. Therefore, the BQ4HT elements are 
incompatible with the CHX60 elements that are used for the structural model. In the 
Design environment of iDIANA, the meshing procedure will not allow the incompatibility 
of elements. A work-around solution for this problem was found by copying the surface 
along the boundary by translation over a zero distance. New points were created on the 
copied surface, the boundary element mesh was generated, and, finally, coincident nodes 
were merged. 

 

Figure 3.6; left:  CHX60, solid brick element, 20 nodes, middle: HX8HT, flow brick element, 8 
nodes, right: BQ4HT, flow element, quadrilateral boundary, 4 nodes [TNO DIANA BV, 2010] 

Similarly as for the CrackTeSt COIN analyses, the temperature development in the 
modelled concrete specimen was applied as an external temperature history over time. The 
convection along the concrete boundaries was set to be high, the concrete hydration was 
set to be zero, and thus, the applied external temperature boundary condition directly 
controls the temperature development in the modelled TSTM specimen. To verify the 
chosen temperature application, the temperature input was compared with the temperature 
development actually obtained during the analysis. 

The applied boundary constraints consist of symmetry conditions along the modelled 
symmetry lines, i.e. restraint from movement out of the symmetry plane. In addition, two 
horizontal supports, as well as one sideway support, were applied each of the two short 
ends, see Figure 3.7. 

 

Figure 3.7; DIANA boundary constraints 
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The measured free dilation in the dilation rig was applied the TSTM model as a time 
dependent prescribed displacement, hence the thermal expansion and the shrinkage strains 
in the material model were set to zero since they were already taken into account by the 
Dilation Rig measurements. 

In DIANA, both the Double Power Law and Maxwell chains are available when describing 
the creep/relaxation behaviour of the concrete. For the Double Power Law, the required 
creep parameters are: the creep coefficient 0, creep model parameters d, p, and the 
development point of the Taylor series approximation of the Power law, td. According to 
TNO DIANA BV (2010), best results are obtained if td is halfway the investigated time 
interval. As opposed to the current Excel calculations, the DIANA-calculation’s creep 
ratio, (t,t’), is not maturity dependent. For the calculations based on relaxation and 
Maxwell chains, the given creep parameters were transformed to relaxation data by the 
program RELAX [Jonasson et al., 2001].  

 

3.7.4.3 Analysis - Numerical solution technics 

The TSTM simulation was run as a staggered flow-stress analysis: a transient heat flow 
analysis was first performed, and further used as input for the following transient nonlinear 
structural analysis.  

A transient heat flow analysis basically involves two steps: initiation of a linear or 
nonlinear transient analysis, and solution of the equations for the specified time steps. The 
required output for the heat analysis was set to be: nodal temperatures and equivalent age. 
DIANA automatically converts the heat flow results to temperatures and maturity as input 
data for the transient nonlinear structural analysis. DIANA also applies a maturity model to 
convert the time dependent transient heat flow results into input for the structural analysis.  

For the structural analysis, the DIANA default iteration method Regular Newton-Raphson 
with a maximum of five iterations was chosen. In the Regular Newton-Raphson iteration 
the stiffness relation is evaluated for each iteration. The Regular Newton-Raphson method 
yields a quadratic convergence characteristic, which means that the method converges to 
the final solution within only a few iterations. However, the quadratic convergence is only 
guaranteed if a correct stiffness matrix is used and if the prediction is already in the 
neighbourhood of the final solution. If the initial prediction is far from the final solution, 
the method easily fails because of divergence. In short: the Regular Newton-Raphson 
method usually needs only a few iterations, but each iteration is relatively time consuming. 
As convergence criteria, the norms of the force and displacement fields are applied. The 
tolerance on the reference norm is by default  = 10-3. DIANA terminates the iteration 
process if one of the specified criteria is satisfied. 

The required output for the structural analysis was set to be the development of 
displacement, strain and stress.  
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4 Concrete mix design and test programme  

4.1 Introduction 

This chapter describes the mix design of the concretes investigated in the following 
laboratory experiments, as well as the experimental test programme. 

A series of five concretes with variable fly ash (FA) content has been included in the 
current work. Four of the concretes, containing 0 %, 17 %, 25 % and 33 % FA, were 
originally defined within the COIN sub-project FA 3.1 “Crack Free Concrete Structures” 
[COIN, 2007-2014]. During the current work, one more concrete containing 45 % FA was 
added to the concrete series. The detailed mix compositions are given in Section 4.2. 

For each concrete, the following test programme has been carried out:  

- Heat development 
- Mechanical properties under 20 oC isothermal curing conditions 
- Mechanical properties, investigating the effect of curing temperature 
- Creep tests in the TSTM System 
- Restrained stress tests in the TSTM System (free deformation in the Dilation Rig 

and restrained stress development in the TSTM), under both isothermal and 
realistic temperature curing conditions 

A survey of the test programme is given in Section 4.3. 

 

4.2 Concrete mix design 

The concretes’ name and total FA content (in parenthesis as % by weight of cement + FA 
content) are listed below, and their composition (as well as total FA content and water-to-
binder ratio) is given in Table 4.1. 

- ANL Ref.   (0 % FA) 
- ANL FA   (17 % FA) 
- ANL FA +8FA  (25 % FA) 
- ANL FA +16FA  (33 % FA) 
- ANL FA +28FA  (45 % FA) 

ANL Ref. is the reference concrete. It contains no fly ash, and it is made with Portland 
cement CEM I “Norcem Anlegg” (ANL) [NS-EN 197-1:2011]. The fly ash concretes, on 
the other hand, are made with Portland-fly ash cement CEM II / A-V “Norcem Anlegg 
FA” (ANL FA). All concretes were made with a water-to-binder ratio of 0.4 and a cement 
paste volume of 292 l/m3. The fly ash content was increased by replacing cement with fly 
ash 1:1 by weight, while keeping the water-to-binder ratio and the cement paste volume 
constant. The fly ash content is given as percentage of the total amount of cement + FA, 
see Equation 4.1. All concretes contain 5 % silica fume (by weight of cement + FA) with 
an efficiency factor ksilica = 2.0. For research purposes, the efficiency factor for extra added 
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fly ash (i.e. beyond what is part of the cement) was set to kFA = 1.0. According to [NS-EN 
206:2013+NA:2014], the efficiency factor for added fly ash is 0.7 for design purposes. The 
choice of efficiency factor (1.0 versus 0.7) for added fly ash will have an influence on the 
calculated (effective) water-to-binder (w/b) ratio, as indicated in Equation 4.2 and Table 
4.1. 

Table 4.1; Mix design, FA-content and water to binder ratio [kg/m3] 

 ANL Ref. ANL FA 
ANL FA 

+8FA 
ANL FA 
+16FA 

ANL FA 
+28FA 

 [kg/m3] [kg/m3] [kg/m3] [kg/m3] [kg/m3] 

Cement* 372.3 365.3 324.1 284.3 229.8 

FAcem 0.0 60.6 53.8 47.2 38.1 

FAadded 0.0 0.0 36.0 71.1 118.5 

Silica 18.6 18.3 18.0 17.6 17.4 

Free water 163.8 160.7 158.5 156.2 153.3 

Sand 0-2 201.1 201.1 201.1 201.1 201.1 

Sand 0-8 740.2 740.2 740.2 740.2 740.2 

Sand 4-8 275.0 275.0 275.0 275.0 275.0 

Gravel 8-16 614.1 614.1 614.1 614.1 614.1 

Admixture 2.05 2.01 1.78 1.56 1.56 

Theoretical density 2400 2390 2380 2370 2360 

Assumed air content 2.0 2.0 2.0 2.0 2.0 

Total FA-content, 
FA/(cem+FA) ** 

0 % 17 % 25 % 33 % 45 % 

Silica-content, 
Silica/(cem+FA) 

5 % 5 % 5 % 5 % 5 % 

w/b 
kFA_added = 1.0 

0.40 0.40 0.40 0.40 0.40 

w/b  
kFA_added = 0.7 

0.40 0.40 0.41 0.42 0.44 

*) ANL Ref.: cement batch EG1-14, fly ash concretes: cement batch TF5-14 
**) The FA-content for each concrete is calculated by Equation 4.1 
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During the current PhD study, the ANL and ANL FA cements (EG1-10 and TF3-11) had 
to be replaced with new cement batches (EG1-14 and TF5-14) due to lack of material. The 
majority of the experimental program in the current study was performed with the cement 
batches EG1-14 and TF5-14, however, the test series on mechanical properties under 20 oC 
isothermal conditions were tested with EG1-10 and TF3-11. In addition, separate cement 
batches were used at NORCEM when performing compressive strength tests for 
determination of activation energy. The cement analyses for the various cement batches are 
given in Appendix A. The ANL FA cement batches show a slight variation in FA content, 
however, this has been considered negligible and the FA contents of the defined concrete 
series have been calculated based on cement batch TF3-11 as presented in Table 4.1. 

  Equation 4.1 

  Equation 4.2 

Each concrete contains four fractions of aggregate: 0-2 mm, 0-8 mm, 4-8 mm and 8-16 
mm from NorStone AS, Årdal, Norway. Årdal aggregate is dominated by granite and 
gneiss, and it is used as standard laboratory aggregate in Norway. 

The fly ash was supplied by NORCEM, and the composition and physical properties are 
given in Appendix A. 

The polycarboxylate based superplasticizer Sika ViscoCrete RMC-420 was used for all 
concrete mixes. 

 

4.3 Test programme 

4.3.1 Introduction 

The original plan was to study various effects of fly ash content on hardening concrete. A 
mechanical test programme including heat development, compressive strength, tensile 
strength, E-modulus, free deformation and restrained stress development was planned and 
started. However, during the first tests in the newly modified TSTM System, it became 
clear that the experimental equipment needed comprehensive adjustments and verification 
testing. This adjustment- and verification period became quite time-consuming, and 
therefore the experimental programme had to be postponed. Because of this, the 
verification and documentation of the equipment itself have been given thorough 
discussions, Chapter 6. Despite the reduced time for actual parameter studies, there are 
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reasons to claim that the totality of the experimental programme has become quite 
comprehensive. An overview of the experimental programme is given in the following: 

- Heat development, used as basis for realistic temperature calculations. 
- Mechanical properties under 20 oC isothermal curing conditions including: 

compressive strength over time (activation energy), compressive strength, splitting 
tensile strength, direct uniaxial tensile strength, E-modulus in compression and E-
modulus in tension. The results were used for material parameter determination as 
basis for early age stress calculations. 

- Mechanical properties - effect of curing temperature. These tests included 
compressive strength, direct tensile strength and E-modulus in tension under both 
20 oC isothermal- and realistic temperature curing conditions. The results were used 
for an evaluation of whether or not the curing temperature should be taken into 
consideration when deciding material parameters for early age stress calculations. 

- Creep tests in the TSTM System. These results were used for evaluation and 
determination of creep parameters as basis for early age stress calculations. 

- Restrained stress tests in the TSTM System. A test programme of restrained stress 
tests (measuring thermal dilation and autogenous deformation in the Dilation Rig 
and restrained stress development in the TSTM) was carried out for the concretes 
previously described. Some of the tests were performed under 20 oC isothermal 
conditions, but the emphasis was given to the realistic temperature tests (realistic 
temperature history, see Section 7.3) with temperature histories representing both 
summer- and winter conditions.  

 

4.3.2 Heat development 

Semi-adiabatic calorimeter tests (NTNU-box, 15 litres samples) were performed to 
determine the hydration heat evolvement of the concretes for each of the two cement 
batches of both ANL and ANL FA (as described in Section 4.2). Since extra FA was added 
in three concretes in combination with ANL FA, this multiple testing involved all 
concretes (except the later added ANL FA +28FA). An overview of the performed semi-
adiabatic calorimeter tests is given in Table 4.2.  

During the given heat development tests, the temperature development in the concretes 
were measured and converted to isothermal heat development as a function of maturity, see 
Chapter 3.4.3. The heat loss to the environment was compensated for by assuming that the 
heat flow out of the box was proportional to the temperature difference between the 
concrete and the environment. The proportionality coefficient is called “cooling factor” 
and can be measured or calculated. This method is standardized and described in [NS 
3657:1993]. 
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Table 4.2; Heat development test series for the two batches of 
ANL and ANL FA cement 

Concrete 
Cement batch 

EG1-10/TF3-11 EG1-14/TF5-14 

ANL Ref 1 1 

ANL FA 1 1 

ANL FA +8FA 1 1 

ANL FA +16FA 1 1 

ANL FA +28FA - 1 
 

 

4.3.3 Mechanical properties under 20 oC isothermal conditions 

Compressive strength, splitting tensile strength, direct uniaxial tensile strength, E-modulus 
in compression and E-modulus in tension were tested under 20 oC isothermal conditions. 
An overview of the mechanical tests is given in Table 4.3. 

The mechanical test series was performed within the COIN sub-activity FA 3.1 “Crack 
Free Concrete Structures” [COIN, 2007-2014], and the experimental set-up as well as test 
results for four of the concretes are reported in [Kjellmark et al., 2015]. However, the later 
added concrete ANL FA +28FA is only reported in the current work. While the concretes in 
the COIN test series were tested at 2 and 28 days, the later added concrete ANL FA +28FA 
was also tested at 91 days to include the long term property development often seen for fly 
ash concretes. 

In addition to the presented tests, NORCEM performed compressive strength tests over 
time with cubes stored under isothermal conditions at 5 oC, 20 oC and 35 oC for all 
concretes. The four concretes ANL Ref., ANL FA, ANL FA +8FA and ANL FA +16FA were 
tested in 2013, while the later added concrete ANL FA +28FA was tested in 2015 with a 
different batch of ANL FA cement. The NORCEM test results are evaluated in the present 
study, and as planned they were used to determine the activation energy for the concretes. 
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Table 4.3; Mechanical test programme, 20 oC isothermal conditions 

Concrete Test No of spec. Test age 
[Md] 

ANL Ref. 

 

Compressive strength 3 28 

Tensile splitting strength 3 + 3 2, 28 

Direct uniaxial tensile strength 2 + 2 2, 28 

E-modulus (tension) 2 + 2 2, 28 

E-modulus (compression) 3 + 3 2, 28 

ANL FA 

 

Compressive strength 3 28 

Tensile splitting strength 3 + 3 2, 28 

Direct uniaxial tensile strength 2 + 2 2, 28 

E-modulus (tension) 2 + 2 2, 28 

E-modulus (compression) 3 + 3 2, 28 

ANL FA +8FA Compressive strength 3 28 

Tensile splitting strength 3 + 3 2, 28 

Direct uniaxial tensile strength 2 + 2 2, 28 

E-modulus (tension) 2 + 2 2, 28 

E-modulus (compression) 3 + 3 2, 28 

ANL FA +16FA Compressive strength 3 28 

Tensile splitting strength 3 + 3 2, 28 

Direct uniaxial tensile strength 2 + 2 2, 28 

E-modulus (tension) 2 + 2 2, 28 

E-modulus (compression) 3 + 3 2, 28 

ANL FA +28FA Compressive strength 3 + 3 +3 3, 28, 91 

Tensile strength 2 + 2 + 2 3, 28, 91 

E-modulus (tension) 2 + 2 + 2 3, 28, 91 
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4.3.4 Additional mechanical testing – effect of curing temperature  

Due to observations in connection with the TSTM tests, additional mechanical tests were 
initiated in order to study the effect of temperature history on the compressive strength, 
tensile strength and E-modulus in tension. These additional tests involved the concretes 
ANL Ref. and ANL FA +16FA. Half of the test specimens were cast in temperature-
controlled moulds and subjected to a realistic temperature history as described in Section 
7.3. The other half were cast into regular moulds and cured under 20 oC isothermal 
conditions. All specimens were unmoulded and wrapped with aluminium foil at 14 days, 
and further cured under 20 oC isothermal conditions. An overview of these tests is given in 
Table 4.4.  

Table 4.4; Additional mechanical test programme, effect of curing temperature 

Concrete Test Curing 
conditions 

No of 
spec. 

Test age 
[Md] 

ANL Ref. 

 

Direct tensile strength, 
incl. E-modulus in tension 

Isothermal 2 + 2 28, 91 

Realistic temp. 2 + 2 28, 91 

Compressive strength Isothermal 3 + 3 28, 91 

Realistic temp. 3 + 3 28, 91 

ANL FA +16FA Direct tensile strength, 
incl. E-modulus in tension 

Isothermal 2 + 2 28, 91 

Realistic temp. 2 + 2 28, 91 

Compressive strength Isothermal 3 + 3 28, 91 

Realistic temp. 3 + 3 28, 91 
 

 

4.3.5 Creep in tension and compression 

Due to observations in connection with the “back-calculations” of stresses measured in the 
TSTM System, own creep tests were performed for the two concretes ANL FA and ANL FA 
+16FA. An overview of these creep tests is presented in Table 4.5.  

The creep tests were conducted in the TSTM System at a constant temperature of 20 oC: 
one test measuring creep in compression and one test measuring creep in tension. The 
execution of the creep tests is further described in Section 7.7. 

As described in Chapter 5, the TSTM System consists of a TSTM (restrained stress 
development) and a “dummy” Dilation Rig (free deformation). Hence, the creep tests given 
in Table 4.5 were accompanied by 20 oC Dilation Rig tests measuring autogenous 
deformation, which is a prerequisite for separating load-dependent and -independent 
strains in early age creep tests. 
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Table 4.5; Creep tests performed in the TSTM System, 20 oC isothermal conditions 

Concrete Test No of 
tests 

Load age  
 

Stress 
level  

Duration  

   [h (days)] [MPa] [days] 

ANL FA 

 

Creep in tension 1 218 (9) 1.0 19 

Creep in compression 1 24 (1) 1.0 8 

ANL FA  
+16FA 

Creep in tension 2* 218 (9) 1.0 33 

Creep in compression 1 24 (1) 1.0 8 

*) The test was repeated due to a LVDT support failure two days after loading  

 

4.3.6 TSTM System 

As previously discussed, there was a need to go deep into the mode of action of the TSTM 
in verification tests. This included several reproducibility tests (nominally identical tests) 
during the process of trial and error. Some of these tests are naturally not reported since 
they were done in a phase with continuously adjustments of hardware and software. 

For each concrete, one restrained stress test under 20 oC isothermal conditions and one 
under realistic temperature summer conditions were planned in the TSTM System. 
However, due to the previously described delay, it was decided to give emphasis to the 
realistic temperature tests. Some tests were also repeated with adjusted temperature 
histories due to the change of cement batch and the corresponding change in heat 
development (described in Section 7.3). As realistic temperature TSTM tests were 
prioritized, ANL FA, ANL FA +8FA and ANL FA +28FA were not tested under 20 oC 
isothermal conditions  

Increased FA content systematically reduces hydration heat; this is the traditional finding 
and beneficial effect. However, the tensile strength, which is equally important, is found to 
be reduced and also time-development slows down. It has been seen that the tensile 
strength for high volume fly ash concretes can be very slow at low/moderate temperatures, 
and it is suspected that this effect may override the beneficial effect of reduced heat 
development. It was therefore decided to include two restrained stress tests under semi-
adiabatic temperatures representing Norwegian winter conditions in the given TSTM test 
programme. 

An overview of the tests performed in the TSTM System is given in Table 4.6, where the 
Dilation Rig and TSTM have been run in parallel for all tests. In addition to these main 
tests, the TSTM System test programme has also involved tests with variable degree of 
restraint, creep tests (see Section 4.3.5) as well as faulty measurements (power failure, 
etc.). A complete list of all TSTM System tests is given in Table 4.7, where the tests have 
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been listed chronologically. It should be noticed that although the realistic temperature 
histories for the fly ash concretes were based on either cement batch TF3-11 or cement 
batch TF5-14, all corresponding TSTM tests were actually performed with cement batch 
TF5-14, see Table 4.7 for details. 

Table 4.6; Restrained stress tests in the TSTM System, overview  

Isothermal 
20 oC 

Realistic temperature history 
Summer* Winter* 

Cement batch 
EG1-10/TF3-11* 

Cement batch 
EG1-14/TF5-14* 

Cement batch 
TF5-14* 

ANL Ref 3 4 - - 

ANL FA - 1 2 1 

ANL FA +8FA - 1 - - 

ANL FA +16FA 1 2 1 - 

ANL FA +28FA - - 1 1 

*) The applied temperature history in the test is based on heat evaluation data for each 
individual cement batch, the tests were however mainly performed with EG1-10 and TF5-
14, as described in Table 4.7  
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5 The TSTM System 

5.1 General 

In 1969, the Cracking Frame was developed in München, Germany [Springenschmid, 
1998]. The Cracking Frame measures the stress response of concrete at early ages to 
changing temperatures in a concrete specimen with high, but unknown, restraint. In 1984, 
Springenschmid et al. developed the improved Temperature-Stress Testing Machine 
(TSTM) which was temperature- and deformation-controlled giving 100 % restraint. 
Today, several different TSTM variants and other similar devices measuring stress 
development in hardening concrete are found around the world, for instance 
[Springenschmid et al., 1994], [Hedlund, 2000], [Czerny et al., 2005], [Amin et al., 2009] 
and [Darquennes et al., 2011]. 

The TSTM System at NTNU, Figure 5.1, consists of a Dilation Rig and a Temperature-
Stress Testing Machine (TSTM), both connected to a Temperature-control System (Julabo 
FP45). The TSTM System is located in a conditioned room which holds a constant 
temperature of 21 °C ± 0.5 °C. The Dilation Rig, the TSTM and the temperature-control 
system Julabo FP45 are described in the following sections.  

 

Figure 5.1; The TSTM system at NTNU: the TSTM (left) and the Dilation Rig (right) 

The Dilation Rig measures free deformation, i.e. thermal dilation and autogenous 
deformation, of a sealed concrete specimen. The TSTM is constructed to measure the 
stress generation of a sealed concrete specimen through the hardening phase at a chosen 
degree of restraint. The degree of restraint can be varied in the range between 0 and 100 %. 
The temperature-control system makes it possible to prescribe and apply isothermal or 
realistic temperature histories to the two concrete specimens in the TSTM System. 
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Basically, the free deformation measured in the Dilation Rig is the source of the restraint 
stresses measured in the TSTM. The free deformation data can be used both as input for 
curing technology programs and to back-calculate the stress measured in the parallel 
TSTM test.  

The TSTM System at NTNU is well established and documented. The TSTM System was 
built in 1995 and has since been a part of several PhD studies and research projects at 
NTNU: [Bjøntegaard, 1999], [Bosnjak, 2000], [Atrushi, 2003], [Ji, 2008], the European 
Brite-EuRam project IPACS (1997-2001, project leader Scancem AB) and Concrete 
Innovation Centre COIN (2007-2014, project leader SINTEF) among others. During the 
years 2008 - 2013, the software for logging and management of the TSTM has been 
updated. In addition, the instrumentation system has been improved to achieve the 
necessary accuracy and robustness of the system. 

For active users, a more detailed description of the experimental equipment is provided in 
the TSTM System user manual [Klausen, 2013]. A presentation of the originally 
constructed TSTM System is given in [Bjøntegaard, 1999].  

 

5.2 The Dilation Rig 

The Dilation Rig measures free deformation, i.e. thermal dilation and autogenous 
deformation, of a concrete specimen. Illustrations of the Dilation Rig are given in Figure 
5.2, providing explanations of some of the words and expression used in the current 
section. Pictures of the Dilation Rig and some of its components are shown in Figure 5.3 - 
Figure 5.4.  

The Dilation Rig constitutes a formwork into which a 100x100x460 mm horizontal 
oriented concrete specimen is cast. The formwork is made of 5 mm thick cobber plates 
surrounded by 5 mm copper pipes with circulating water connected to a temperature-
control unit. The formwork and the copper pipes are covered with insulation, Figure 5.2. 
Movable end plates made of polystyrene and steel, respectively, are placed at each short 
end of the formwork. The end plates are supported by end steel supports. Prior to start of 
length measurements, the end steel support is loosened and moved, allowing the end plates 
and hence the concrete specimen to move freely during the experiment. 
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a) 

 

b) 

 

 

 Figure 5.2; Sketch of the Dilation Rig (a) Dilation Rig cross-section (b) [mm] 

Before casting, the Dilation Rig formwork is lined with two layers of plastic with talcum 
powder in between, Figure 5.3. After casting, the concrete specimen is well covered with 
the excess plastic. In addition, the concrete is covered with aluminium foil. The aluminium 
foil is bent and fixed with tape to the outer walls of the mould. Finally, the top cover is 
placed onto the mould, Figure 5.3. 

  

Figure 5.3; The Dilation Rig: before casting (left) after casting (right) 
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During the recent reconstruction, the Dilation Rig was provided with a new length 
measurement setup. Now, measuring bolts are cast into each short end of the concrete 
specimen, Figure 5.2. The measuring bolts have diameter = 8 mm and length = 70 mm, 
whereof 15 mm is embedded in the concrete. Each measuring bolt is provided with a 5 mm 
notch to secure anchorage in the concrete specimen, Figure 5.4. The measuring bolts are 
made of invar steel with a low coefficient of thermal expansion to reduce temperature 
induced movements of the measuring bolts. The temperature in the measuring bolts is 
found to follow the temperature measured in the concrete specimen. The temperature 
induced length change of the measuring bolts is calculated and compensated for in every 
experiment, see Chapter 6.2.3.  

Before conducting an experiment, an inductive displacement transducer (LVDT) is 
mounted at each short end, Figure 5.4. The LVDTs measure the length change of the 
concrete specimen by measuring the movement of the embedded measuring bolts 
previously described.  

  

Figure 5.4; The Dilation Rig: measuring bolt (left) mounted LVDT in action (right) 

When conducting an experiment in the Dilation Rig, the following data are recorded: 

- Concrete length displacement, measured by two LVDTs 
- Concrete temperature, measured with a Type K thermocouple 
- Surrounding air temperature, measured in water with a Type K thermocouple 

Temperature measurements are started immediately after casting. Length change 
measurements are initiated after approximately 2 hours, depending on the concrete and its 
early stiffening characteristics. 

A more detailed description of the Dilation Rig and the procedures required when 
performing an experiment are provided in the TSTM System user manual [Klausen, 2013].  
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5.3 The Temperature-Stress Testing Machine (TSTM) 

The Temperature-Stress Testing Machine (TSTM) measures the stress generation of a 
concrete specimen through the hardening phase at a chosen degree of restraint. An 
illustration of the TSTM is given in Figure 5.5, providing an explanation of some of the 
words and expressions used in the following. Pictures of the TSTM and some of its 
components are given in Figure 5.6 and Figure 5.7. 

 

Figure 5.5; Sketch of the TSTM 

The TSTM consists of an outer steel frame which, nearly frictionless, supports two 
movable crossheads and a movable mid-section. Together, the two crossheads and the mid-
section constitute a formwork into which the horizontally oriented concrete specimen is 
cast. The TSTM formwork is composed in the same way as the Dilation Rig formwork: 
with 5 mm copper plates surrounded by 5 mm copper tubes (containing circulating 
temperature-controlled water) covered by insulation. The crossheads and the top covers are 
also temperature controlled, providing a uniform temperature history in the whole concrete 
specimen during testing. 

The TSTM concrete specimen is shaped as a «dog bone». The central 700 mm of the mid-
section, the measuring length, has a rectangular cross-section with dimensions: 88 mm 
(width) x 100 mm (height). Outside the measuring length, the width of the concrete cross-
section increases linearly on both sides until it reaches 100 mm at the crossheads. The 
cross-section width continues to increase gradually up to 225 mm within the crosshead, 
thus providing restraint for the concrete specimen.  

Prior to casting, two measuring bolts are installed in the TSTM mid-section with a distance 
of 700 mm, defining the measuring length, Figure 5.5 and Figure 5.6. The measuring bolts 
go through the temperature-controlled mould, and are embedded in the concrete during 
casting. The concrete specimen deformation is measured as the length change between the 
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two measuring bolts by two inductive displacement transducers (LVDTs), one on each side 
of the concrete specimen. The LVDTs are mounted in the following way: 1) by fixed 
support to measuring bolt II and 2) by spring support over the top cover close to measuring 
bolt I, Figure 5.6b. 

A load cell is mounted to the right crosshead, Figure 5.5, measuring the restraining force 
transferred through the concrete cross-section during testing.  

a) 

 

b) 

 

 

 Figure 5.6; The TSTM: measuring bolts (a) mounted LVDT in action (b) 

Prior to casting, the TSTM mid-section is lined with two layers of plastic with talcum 
powder in between, Figure 5.7. After casting, the concrete specimen is well covered with 
aluminium foil. The aluminium foil is bent and fixed with tape to the top and outer walls of 
the mould. Finally, the top cover is placed onto the mould Figure 5.7. 

When conducting an experiment in the TSTM, the following data are recorded: 

- Concrete length displacement, the average measured by two LVDTs 
- Force, measured by the load cell 
- Concrete temperature, measured by a Type K thermocouple 
- Surrounding air temperature, measured in water by a Type K thermocouple 

II)

I) 
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The temperature measurements start immediately after casting. The TSTM feedback 
system is usually started 5-8 hours after mixing, depending on the concrete and its early 
stiffening characteristics. 

  

Figure 5.7; The TSTM: before casting (left) after casting (right) 

During the years 2008 - 2013, the TSTM System was upgraded with new software and a 
new length measurement setup as described above. The new software is connected to the 
LVDTs and the load cell, as well as to a high precision screw moving the left crosshead, 
Figure 5.5. The magnitude of the crosshead movement induced by the software is decided 
by: 1) the length change in the concrete measured by the LVDTs, 2) the load measured by 
the Load Cell and 3) the user defined parameters in the software. The TSTM is by this both 
deformation-controlled and load-controlled. In addition, the new software allows the user 
to choose a desired degree of restraint in the range between 0 and 100 %, where the degree 
of restraint is defined as the ratio between restrained and total deformation in the TSTM 
tests times 100 %. As a result, the TSTM is now able to directly simulate the stress 
development in a given section of a concrete structure.  

When the measured deformation reaches its threshold value during an experiment, the 
software is activated and a crosshead movement is induced. When such an activation 
event, i.e. screw regulation, is started, data are stored 10 times a second until the regulation 
is completed. This feature provides a substantial stress-strain relation for each regulation 
during an experiment. The concrete E-modulus can be calculated based on the recorded 
data, providing an E-modulus development over time in the hardening phase for the 
concrete in question. 
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The deformation increment is decided by considering the following requirements 1) to 
obtain enough data to determine the incremental E-modulus, see Chapter 6.3.7 and 2) to 
achieve a stress versus time development curve which is not too coarse. For stress 
development tests applied a degree of restraint of 50 %, a suitable deformation increment 
was found to be 0.006 mm. 

The TSTM System can be used for several types of experiments. In addition to the 
previously described restrained stress measurements, also creep and relaxation tests as well 
as determination of restraint stresses due to drying shrinkage can be performed, [Ji, 2008] 
and [Bjøntegaard et al., 2004c]. In the current work, the TSTM System has been used for 
both restrained stress measurements as well as a series of creep tests. Both creep in 
compression, creep recovery and creep in tension have been investigated. When 
performing a creep test in the TSTM System, a load is applied the concrete specimen and 
then kept at a constant load-level while simultaneously measuring the length change. The 
resulting creep data can then be found by subtracting the parallel free deformation 
measurements (Dilation Rig) from the length change measured in the TSTM.  

A more detailed description of the TSTM and the procedures required when performing a 
test in the TSTM System is provided in the TSTM user manual [Klausen, 2013].  
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5.4 The Temperature-control System 

In both Rigs in the TSTM System, 5 mm copper pipes with circulating water are placed on 
the outer side of each of the formwork copper plates. The copper tubes are connected in 
series to a cooling/heating regulator Julabo FP45 by insulated plastic tubes. The 
temperature-control system makes it possible to prescribe and apply isothermal or realistic 
temperature histories to the two concrete specimens.  

The temperature-control unit Julabo FP45 consists of a circulator head and a 
heating/cooling unit, and can provide heating, cooling and isothermal conditions for the 
concrete specimens. The Julabo working temperature range is -42 – 200 oC. The Julabo 
heating/cooling unit is normally filled with soft/decalcified water, but alternative liquid can 
be used for temperatures below 5 oC. A picture of the Julabo FP45 is given in Figure 5.8, 
while operating instructions for the Julabo FP45 are found in the Julabo Operating Manual 
[GmbH, 2013]. 

 

 

 

Figure 5.8; The temperature-control unit Julabo FP45 

Due to heat loss to the surroundings, Theat loss, the temperature programmed in the Julabo 
is not exactly equal to the temperature obtained in the centre of the concrete specimens in 
the TSTM System. To achieve the desired temperature in the concrete specimens, a 
relation between the temperature entered in the Julabo, Tjulabo, and the achieved TSTM 
concrete temperature, Tconcrete, is found. This is done by programming temperature 
increments in the Julabo, and measuring the corresponding achieved temperatures in the 
concrete specimens. 

  Equation 5.1 
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6 Verification and documentation of the TSTM System 

6.1 Introduction 

In 2008, a reconstruction of the TSTM System was initiated within the COIN project’s 
sub-activity FA 3.1 “Crack free concrete structures”. The construction work has mainly 
been related to the TSTM, while for the Dilation Rig the work has been limited to some 
modifications. The main objectives of the reconstruction of the TSTM were to obtain: 1) a 
more advanced management and control of the experimental equipment, and 2) a more 
extensive output from each test. These objectives were achieved by providing the TSTM 
System with a new and more advanced software for management and logging. However, 
after the new software was installed, a series of verification tests indicated that the TSTM 
System was no longer providing reliable results. The new software was found to require a 
higher accuracy of the instrumentation system; hence, a new measurement setup had to be 
established and installed for the software to achieve satisfactory control of the TSTM. In 
addition, the verification test series also revealed other irregularities, and several different 
adjustments and actions were initiated to correct, improve and complete the TSTM System. 
For a time it seemed as if for every error found and solved, a new source of error was 
uncovered. Hence, the reconstruction and verification of the TSTM System has required 
far more time and effort than originally planned. In 2014, after numerous adjustments and 
corrections, the TSTM System was finally found to produce reliable and reproducible 
results, and the TSTM test programme could be initiated. 

The given section describes the verification and documentation of the TSTM System. Brief 
descriptions of the troubleshooting conducted during the verification period are given, and 
some potential sources of errors during testing are discussed.  

 

6.2 The Dilation Rig  

6.2.1 General 

The Dilation Rig was provided with a new length measurement setup during the above 
described verification period. The Dilation Rig remains otherwise as it was originally built, 
and is therefore still covered by verification tests and discussions carried out during the 
original construction and verification performed by [Bjøntegaard, 1999]. At that time it 
was concluded that the sealing of the Dilation Rig was satisfactory, as verified by weight 
loss measurements of the Dilation Rig during testing. It was also concluded that friction 
between the mould and concrete specimen was not a basic problem and that the sum of the 
two LVDTs represented the true movement of the concrete sample. These previous 
findings are supported in the current work, at least in the way that the reproducibility is 
very good today, see Section 6.2.5. 

Reabsorption of bleed water may influence these types of tests. The risk and effect of 
bleeding during Dilation Rig tests are evaluated in Section 6.2.2. The new length 
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measurement setup in the Dilation Rig is presented and discussed in Section 6.2.3. To what 
extent the Dilation Rig is influenced by its surroundings is discussed in Section 6.2.4, 
while the reproducibility of the updated Dilation Rig is presented in Section 6.2.5.  

 

6.2.2 Bleeding 

The risk and effect of bleeding during testing in the TSTM System has been evaluated. 
[Bjøntegaard, 1999] found that the presence of bleed water had a disturbing effect in linear 
Dilation Rig tests: if bleeding has taken place before setting, the bleed water will be 
reabsorbed by the concrete as self-desiccation occurs after setting, resulting in reduced 
autogenous shrinkage or even expansion after setting, at least for a period of time. During 
the current work, visual inspections of the concrete specimens during testing have given no 
indications of bleeding. In addition, the literature shows that the phenomena «reabsorption 
of bleed water» occurs in the early ages (5-10 hours after water addition), while the current 
scope of work is the stress-generating part of the deformations which occurs after final 
setting. Bleed water reabsorption would only have a minor effect on the stress-generating 
part of the deformations, at least when the bleeding tendency is moderate as appears to be 
the case for the tested w/b = 0.4 concrete. Hence, in the current study, no regular routine of 
removing bleed water was initiated. This conclusion is supported by the good 
reproducibility found in Section 6.2.5. 

 

6.2.3 Measurement setup 

During the reconstruction of the TSTM System, the Dilation Rig was provided with new 
LVDTs, new measuring bolts and a new LVDT/measuring bolt setup, Figure 6.1.  

 

Figure 6.1; Dilation Rig – free length change measurement setup 

Previously, the measuring rods were fixed to the LVDTs. In the new length measurement 
setup, the LVDTs rest freely against the measuring bolts, providing a spring-loaded free 
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contact connection between the measuring bolts and the LVDTs, Figure 6.1. In this way, 
potential transversal constraining forces (bending forces) caused by differential vertical 
movement of the measuring bolts and the LVDTs are avoided. Previously, such 
constraining forces have been seen to produce significant friction in the LVDT. In 
addition, the new set up reduces mechanical wear, which is believed to make the LVDTs 
more durable.  

The new measuring bolts have a diameter of 8 mm and a length of 70 mm, whereof 15 mm 
are embedded in the concrete. The measuring bolts are made of invar steel with a low 
coefficient of thermal expansion (CTE = 1.18 10-6 /oC) to reduce thermal deformation of 
the measuring bolts and thereby reduce the thermal disturbance in the length change 
measurement of the concrete specimen. Still, the temperature development and the 
corresponding thermal deformation of the measuring bolts should be determined and 
compensated for in each experiment. 

The measuring bolts are not expected to have a uniform temperature distribution during an 
experiment. The part of the measuring bolt which is embedded in the concrete is assumed 
to follow the concrete temperature when imposing temperature changes to the concrete 
specimen. The free part of the measuring bolt will develop a temperature gradient due to 
heat exchange with the surroundings. A relation between specimen temperature and 
average bolt temperature has therefore been established for routine and simple 
compensation of bolt movements during every test. 

The temperature development in the free end of the measuring bolts was measured during 
an experiment where a realistic temperature history was applied the specimen, Figure 6.2. 
It should be noted that the used thermocouples have an accuracy of ± 1.0 oC for the current 
temperature range. The measured temperature change in the free end of the bolts was 
found to be 55 % of the temperature change measured in the given concrete specimen. This 
relation was quite constant during the entire experiment.  

A uniform average bolt temperature was estimated based on the assumed (and simplified) 
temperature distribution over the bolt length as illustrated in Figure 6.3. Combined with the 
previously found relation between measured concrete temperature and the temperature in 
the free end of the bolt, the average temperature change of the measuring bolt was 
approximated to be 75 % of the temperature change measured in the concrete specimen 
during an experiment. 



6  Verification and documentation of the TSTM System 

 

54 

 

 

Figure 6.2; Dilation Rig – temperature development measuring bolts 

 

 

Figure 6.3; Dilation Rig – assumed temperature distribution over the 
measuring bolt length 

 

The temperature induced length change of the measuring bolts has been calculated and 
compensated for in every experiment. The calculations were based on a measuring bolt 
temperature as described above and on a measuring length setup as given in Figure 6.4. 
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Figure 6.4; Dilation Rig – estimation of thermal deformation disturbance by the 
measuring bolts 

The relation between the total measured length change, the length change of the concrete 
and the length change of the measuring bolts is as follows: 

   

      

   

 
where lconcrete = concrete length change, lmeasured = total measured length change in the LVDTs, 
CTEbolts = 1.18 10-6 /oC and Tbolts = (0.75  Tconcrete) = the temperature change in the measuring bolts, 
lbolts = 140 mm  

The effect of compensating for the thermal dilation of the measuring bolts was evaluated 
by looking at the ANL Ref. test subjected to a realistic temperature history, which was the 
test with the highest maximum temperature (62 oC). The total measured concrete 
deformation (expansion) at the maximum temperature was found to be 0.124 mm. When 
using the relation established above, the actual concrete deformation is really 0.119 mm. It 
then follows that the compensation constitutes 4 %, i.e. that the measured strain is 4 % 
higher than the true specimen behaviour. If assuming that the bolts obtained the same 
temperature change as the concrete specimen (100 %), the total concrete deformation 
becomes 0.117 mm (compensation is 5%). These numbers indicate that thermal 
deformations of the bolts should be compensated for, but that the simplifications regarding 
the temperature distribution and the following accuracy of the concrete/bolt temperature 
relation is not crucial. It is therefore put trust in the established calculation procedure, 
where the temperature change in the bolts is set to be 75 % of the temperature change 
measured in the concrete specimen. This conclusion complies with [Bjøntegaard, 1999] 
who found that Dilation Rig measuring bolts with a diameter of 7 mm had a temperature 
equal to 66 % of the temperature measured in the concrete, and that this percentage would 
increase with increasing diameter of the measuring bolt.  
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6.2.4 External influence 

During the reconstruction of the TSTM System, verification tests showed that the 
measured length change in the Dilation Rig was affected by both the surrounding 
temperature and air humidity. It was discovered that the newly installed plastic brackets 
holding the LVDTs were hygroscopic and highly influenced by both room temperature and 
air humidity. The plastic brackets were therefore replaced by brackets made of invar steel. 
In addition, in order to enhance climate room control, the room was in 2014 equipped with 
a new temperature-control unit (Daikin FTXS-K) as well as with a new air humidity-
control unit (Condair FAN3S). The climate room control is now much better; the 
temperature is kept stable at 21 oC ± 0.5 °C and the air humidity is kept stable at 50 % ± 
1.5 %. 

By increasing the room temperature while keeping the concrete temperature constant in 
trial tests, the Dilation Rig length change disturbance is now found to be in the order of 4.0 
μstrains / oC change in air temperature. As the Dilation Rig is located in a conditioned 
room which normally holds a constant temperature of 21 °C ± 0.5 °C, this external 
temperature disturbance must be regarded to be satisfactory small.  

Infrequently, the Dilation Rig can be subjected to jolts caused by experiments in the 
surrounding locations. Such jolts will most likely be discovered as they produce definite 
leaps in the measured data for both the Dilation Rig and the TSTM, which later can be 
compensated for. 

 

6.2.5 Reproducibility 

Several verification- and introductory tests have been performed in the Dilation Rig. 
Repeated nominally identical tests (based on separate concrete batches) indicate good 
reproducibility for both isothermal and realistic temperature conditions. A survey of 
repeated Dilation Rig tests are given in Table 6.1 and the test results are presented in 
Figure 6.5 - Figure 6.8. Positive deformation values are expansion, while negative values 
are contraction. 

Table 6.1; Dilation Rig reproducibility: repeated nominally identical tests 

Concrete Temperature conditions No. of tests Figure 

ANL Ref. 20 oC  isothermal 3 Figure 6.5 

Realistic temp. history 4 Figure 6.6 

ANL FA +16FA 20 oC  isothermal 4 Figure 6.7 

Realistic temp. history 2 Figure 6.8 
 

Figure 6.5 shows measured autogenous deformation for three nominally identical 20 oC 
isothermal tests performed with the reference concrete, ANL Ref.. Two of the tests do not 
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have any data measurements before 10 hours (after water addition), and therefore, all three 
curves have been zeroed at 10 hours. This point in time is later than the start time for stress 
development which was found to be t0 = 8.8 maturity hours, see Section 7.5, but for 
reproducibility comparisons it was decided acceptable to zero the measurements at 10 h. 
The reproducibility in Figure 6.5 must be regarded as very satisfactory. 

Four nominally identical realistic temperature tests performed with the reference concrete, 
ANL Ref., are presented in Figure 6.6. The tests were performed under the same 
temperature development, representing the average temperature in a selected section of an 
800 mm thick wall structure (see Section 7.3). The applied temperature history is also 
shown in Figure 6.6. The measurements have been zeroed at t0 = 8.8 maturity hours, which 
is the starting point for stress development in the TSTM test for the given concrete, Section 
7.5. One of the tests in Figure 6.6 was based on cement from a different batch than the 
other three tests. Results from the three tests performed with the same cement batch show 
very good agreement. The concrete with the newer cement batch differs somewhat from 
the other tests, but all in all, the reproducibility must be regarded as very good.  

Figure 6.7 - Figure 6.8 present results from a series of tests performed with the concrete 
ANL FA +16FA. Figure 6.7 shows autogenous deformation for four tests run in the 
Dilation Rig under 20 oC isothermal temperature conditions, while Figure 6.8 gives the 
total deformation for two realistic temperature tests run with identical temperature 
histories. All curves have been zeroed at t0 = 12 hours of maturity, as found in Section 7.5. 
Both isothermal and semi-adiabatic tests show very good reproducibility.  

The tests presented in the current section were conducted during the years 2013-2014. 
Parallel to the testing, several adjustments and actions were initiated and performed to 
correct and complete the TSTM System (i.e. adjustments of the measuring bolts and length 
measurement setup, stabilisation of the surrounding temperature and air humidity 
conditions, change of cement batch, etc.). Hence, there are some variations in the 
experimental details among the performed tests. The tests performed with ANL FA +16FA 
(Figure 6.7 - Figure 6.8) are all conducted after the final completion of the TSTM System, 
and they are thus performed under nominally identical climate room and test set-up, as 
well as with the same batch of cement. As can be seen from Figure 6.7, the Dilation Rig 
gives a difference of only 7 μstrains both after 2 days and after 12 days. A numerical 
evaluation of the reproducibility of the ANL Ref. and ANL FA +16FA test results at two 
chosen points in time is presented in Table 6.2 and Table 6.3, respectively. 
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Figure 6.5; Dilation Rig reproducibility: autogenous deformation ANL Ref., 20 oC 
isothermal, zeroed at 10 hours 

 

 

Figure 6.6; Dilation Rig reproducibility:  total deformation ANL Ref., realistic 
temperature conditions, zeroed at t0 = 8.8 h 
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Figure 6.7; Dilation Rig reproducibility: autogenous deformation ANL FA +16FA, 20 oC 
isothermal temperature conditions, zeroed at t0 = 12 h 

   

 

Figure 6.8; Dilation Rig reproducibility: total deformation ANL FA +16FA, realistic 
temperature conditions, zeroed at t0 = 12 h 



6  Verification and documentation of the TSTM System 

 

60 

 

Table 6.2 shows that the reproducibility among the ANL Ref. tests is good. The standard 
deviations for three nominally identical 20 oC isothermal tests are only 4.0 and 3.0 μstrain 
after 48 and 240 hours, respectively. The four ANL Ref. tests with realistic temperature 
conditions show a slightly higher scatter in the test results at 48 hours. However, when 
removing the semi-adiabatic ANL Ref. test made with a different cement batch, the 
standard deviation after 48 hours for the remaining three nominally identical semi-
adiabatic tests is reduced from 10.9 to 2.2 μstrain. Thus, the reproducibility for the ANL 
Ref. tests made from the same cement batch must be regarded as very good. 

Table 6.2; Dilation Rig reproducibility: numerical evaluation of ANL Ref. tests 

Test Age 
[h] 

No of 
tests 

Min 
[μstrain] 

Max 
[μstrain] 

Mean 
[μstrain] 

SD 
[μstrain] 

20 oC  isothermal 
48 3 -51 -41 -47 4.0 

240 3 -101 -94 -98 3.0 

Realistic temp. 
48 4 189 217 208 10.9* 

144 3 -121 -116 -119 2.1 

*) Reduced to 2.2 when removing the test that applied a different cement batch 

 

Table 6.3; Dilation Rig reproducibility: numerical evaluation of ANL FA +16FA tests 

Test Age 
[h] 

No of 
tests 

Min 
[μstrain] 

Max 
[μstrain] 

Mean 
[μstrain] 

SD 
[μstrain] 

20 oC  isothermal 
48 4 -40 -33 -35 2.5 

288 4 -26 -19 -23 2.6 

Realistic temp. 
48 2 128 133 131 2.4 

288 2 -118 -115 -116 1.8 
 

The numbers in Table 6.3 clearly proves that the reproducibly among the ANL FA +16FA 
tests are very good. The standard deviations for four nominally identical 20 oC isothermal 
tests are only 2.5 and 2.6 μstrain after 48 and 288 hours, respectively. The two semi-
adiabatic tests give even better agreement, with a standard deviation of 2.4 μstrain after 48 
hours, and 1.8 μstrain after 288 hours, but it must be taken into consideration that only two 
tests are included in this latter evaluation. 
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6.3 The TSTM  

6.3.1 General 

As previously described, the reconstruction of the TSTM has been challenging. Numerous 
obstacles and errors have been uncovered and located during the reconstruction period, 
requiring several modifications of the experimental equipment. The reconstruction has 
required far more effort and time than originally planned, and consequently, a considerable 
part of the current work has been dedicated to a continuous evaluation and modification of 
the TSTM System. Section 6.3.2 gives a brief summary of some of the main challenges 
encountered during the verification period. Section 6.3.3 – 6.3.7 discusses sources of errors 
and accuracy with regards to tests results, while Section 6.3.8 presents the reproducibility 
of the TSTM after the reconstruction.  

 

6.3.2 Challenges during the TSTM reconstruction- and verification period 

During the initial verification tests in 2010, the concrete specimens developed very early 
tensile failure (typically after 24 hours for 20 oC isothermal conditions). Comprehensive 
troubleshooting revealed that an interference voltage in the TSTM motor control induced a 
drift in the TSTM motor. The TSTM motor drift caused a very slow but regular movement 
of one of the anchoring crossheads, resulting in an unintended movement of the concrete 
specimen of about 0.2 mm/hour during the initial phase. This initial deformation was the 
reason for the early failure which was located in the transition zone between the crosshead 
and the specimen mould. The interference source was eliminated by: 1) adjusting the motor 
control noise limit settings and 2) isolating the motor control in a separate insulated box. 
With these actions, the initial drift of the TSTM motor was successfully eliminated. 

Parallel to the previously described motor drift problem, a lot of time was spent on 
challenges regarding the interface between the new software and the experimental 
equipment. The software was developed and successively improved as an iterative process 
in combination with verification tests, and the process required a considerable amount of 
iterations. As one TSTM test was run for typically two weeks, the process became quite 
time consuming. Eventually, when the software was found to work as intended, a number 
of TSTM tests were run to find the appropriate parameter settings for routine/standard 
testing in the TSTM.  

After passing all challenges described above, poor reproducibility of the TSTM length 
deformation was observed during manual motor control. This revealed that both new 
LVTDs as well as a new LVDT setup were required to achieve a higher degree of 
accuracy. Due to the low threshold values for TSTM deformation regulations (around five 
thousandth of a mm), high accuracy of length measurements and avoidance of sources of 
errors as for instance slippage are essential. As shown in Section 6.3.3, the new LVDT 
setup has been found to provide satisfying accuracy. 
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A further discovery was that the LVDTs were not equipped with protection sockets. This 
allowed talcum and dust to enter into the LVDT, which was found to cause friction and 
occasionally irregular measurements. Consequently, these LVDTs were removed and 
replaced by new LVDTs equipped with protection sockets. 

Furthermore, the new software allowed separate measurements for the two LVDTs, one on 
each side of the concrete specimen. These measurements indicated eccentrically loading of 
the TSTM specimen. Several mechanical adjustments were then made to reduce the 
eccentricity. In addition, the outer steel frame in the TSTM System was lubricated to 
reduce friction in the ball bearings of the cross-heads during testing and the regulation 
speed was reduced, allowing the motor to respond more accurately to the software control.  

Finally, a handful of unexpected external challenges have been encountered. There have 
been a number of power failures, one of which caused considerable damage to the 
experimental equipment. The forces of nature have also claimed their part in the 
reconstruction. During the verification period, there has been both flood and lightning, 
causing short circuits as well as air-condition failure, all with time consuming effort to 
solving them as they occurred. 

 

6.3.3 Displacement measurements 

As previously described, a new TSTM measurement setup had to be established and 
installed due to the strict accuracy requirements from the software. To study the accuracy 
of the LVDT measurement, the test specimen was uncovered and two strain gauges were 
glued to the specimen, one on each vertical side of the mid-section of the specimen. Load 
was applied manually by the motor control, and the length deformation was measured with 
the two LVDTs and with the strain gauges. The average deformation of the concrete 
specimen measured by the LVDTs and the strain gauges are given in Figure 6.9. When 
applying a load increment of 0.8 MPa, the deformation response measured by the LVDTs 
was approximately 4 % higher than measured by the strain gauges. However, when 
comparing these measurements, it should be remembered that while the strain gauges 
measure the length change over a rather small distance, the LVDTs measure the concrete 
length change over as much as 700 mm. 

Figure 6.10 shows the length change measured by each specific LVDT and strain gauge on 
both sides of the TSTM concrete specimen. While the strain gauges measure a very similar 
length change on both sides, the LVDTs showed a difference of approximately 12 % 
between the right and the left side. Repeated load applications and appurtenant 
measurements gave the same results. The difference between the right and left LVDT 
measurement is most likely caused by an eccentricity in the experimental equipment as 
illustrated in Figure 6.11. While the strain gauges measure the length change over a rather 
small distance, the LVTDs measure the length change over 700 mm. The LVDTs would 
thus capture a potential eccentricity in the concrete specimen to a much larger extent than 
the strain gauges would. Taking into account the difference in measuring length, a 4 % 
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deviation in measured average length change between the LVDTs and the strain gauges 
must be considered as a very good agreement between the two measuring methods. 

 

Figure 6.9; TSTM, strain gauges versus LVDTs 

 

 

Figure 6.10; TSTM, strain gauges versus LVDTs with respect to eccentricity 
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A small uncertainty is connected to the strain gauge measurements as a small but 
increasing drift was discovered in the measurements over time. The drift was caused by a 
gradual failure in the glue with which the strain gauges were attached to the concrete 
specimen. 

 

Figure 6.11; TSTM, length measurements and eccentricity 

 

6.3.4 Load measurements 

The original TSTM Load Cell (HBM 100kN) was providing stable results, but during a 
regular routine calibration in 2014, blind spots in the Load Cell measuring range were 
found. Due to the following risk of error during measurements, as well as the age of the 
original Load Cell, a new Load Cell (HBM Z4A) was calibrated and installed in May 
2014. 

 

6.3.5 External influence 

Similar to the Dilation Rig as discussed earlier, also the TSTM was found to be influenced 
by the surrounding temperature. The temperature control in the room failed during one of 
the tests, and the room temperature increased with 7 oC. The measured stress showed a 
clear response as shown in Figure 6.12. The increase in room temperature of 7 oC resulted 
in a change in stress level of about 0.7 MPa, i.e. 0.1 MPa/oC. As the TSTM now is located 
in a conditioned room normally keeping a constant temperature of 21 °C ± 0.5 °C, this 
external temperature influence will be very limited, and the potential influence will be only 
small fluctuations of the stress curve as the external room temperature oscillates.  
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Figure 6.12; TSTM, stress development influenced by surrounding temperature 

As for the Dilation Rig, the TSTM can infrequently be subjected to jolts caused by 
experiments in the surrounding locations. Such jolts will most likely be discovered and 
compensated for due to simultaneous leaps in the measured data for both the Dilation Rig 
and the TSTM. 

 

6.3.6 Degree of restraint 

One of the main advantages with the updated TSTM System is the possibility to select a 
degree of restraint (R) between 0 and 100 %. In the current section, an assessment of the 
chosen degree of restraint versus the actual obtained degree of restraint in the TSTM is 
conducted.  

The degree of restraint R is entered as a parameter in the software, and it controls how 
much the concrete specimen is allowed to move. A degree of restraint of 0.0 (0 %) means 
that the specimen is free to move, while R = 1.0 (100 %) provides a fully restrained 
specimen. The application of the degree of restraint in the TSTM is illustrated in Figure 
6.13. A threshold value for the measured length change in the TSTM, here denoted A, is 
entered as a parameter in the software. When this threshold value is reached, the software 
induces a feed-back regulation which moves the concrete specimen a distance B = - R · A. 
Hence, the size of the software induced movement B for each regulation is decided by the 
degree of restraint R and the threshold value A chosen in the software.  
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Figure 6.13; TSTM: degree of restraint 

Initially, the measured feedback regulation B was found to be somewhat higher than R · A. 
This was found to be caused by a small time delay in the system: as the software registered 
that the movement B was achieved and signalled for the motor to stop, the movement had 
already surpassed the value B, resulting in a larger feed-back regulation B than intended, 
and thus a higher achieved R than entered in the software. This was solved by adjusting 
and lowering the motor speed, allowing the software to react and respond quickly enough. 

A close look at the strain-stress relation of a regulation showed that the force response was 
a little ahead of the length change, see Figure 6.14. This is assumed to occur due to 1) a 
small friction force in the crosshead support and/or 2) a small slippage in the LVDT 
contact points with the TSTM cast-in measuring bolts. The outer steel frame in the TSTM 
System was lubricated to reduce any friction. A small slippage  in the measurement each 
time the TSTM movement changes direction would influence the achieved R as given by 
Equation 6.1. 

  Equation 6.1 

If the degree of restraint R is 100 % and thus B = A, the slippage  will have no influence 
on the achieved R. However, when decreasing the degree of restraint R and thus B  A, the 
slippage  will cause R to increase with decreasing B. By comparing the measured A and B 
with the entered R for several tests in the TSTM System, it was found that with a defined 
degree of restraint of R = 50 %, the actual degree of restraint in the System was 
approximately 54 %, i.e. 10 % higher than the degree of restraint applied in the software. 
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This relation is also dependent on the chosen deformation tolerance A, where the actually 
obtained R will decrease with an increasing A. 

 

Figure 6.14; The initial stress-strain relation during a TSTM regulation 

 

6.3.7 Incremental E-modulus development 

When the TSTM deformation reaches its threshold value, the software is activated and a 
crosshead movement (regulation) is induced (see previous section and Section 5.3). When 
such an activation event is started, data are stored 10 times a second until the regulation is 
completed. This feature provides a comprehensive stress-strain relation for each TSTM 
regulation during an experiment, see Figure 6.15. From this stress-strain relation, an 
incremental E-modulus development (i.e. obtained from incremental loading) over time is 
provided for the concrete in question. The procedure used to determine the incremental E-
modulus for each regulation in a TSTM test is described in the following: for each point in 
the measured stress-strain relation (illustrated in Figure 6.15), the E-modulus Ei was 
calculated as the secant E-modulus over a distance of 15 measuring points (i.e. between the 
points i – 15 and i, representing a stress increment of approximately 0.06 MPa): 

  Equation 6.2 

The Ei development over the stress-strain relation was plotted versus stress, and the 
incremental E-modulus was determined as the value the Ei development was approaching 
during the given regulation, see Figure 6.16.  
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Figure 6.15; A typical stress-strain relation for a deformation-induced regulation during 
an experiment in the TSTM, ANL FA +16FA 

 

 

Figure 6.16; A typical secant E-modulus development Ei during a deformation-induced 
regulation in the TSTM, ANL FA +16FA 
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The incremental E-modulus development for ANL FA +16FA during a realistic 
temperature test in the TSTM is given in Figure 6.17. The figure also presents the E-
modulus model based on mechanical testing, see Chapter 7.4. An elevated value (in this 
case 33400 MPa at 153 maturity hours, Figure 6.17) is seen for all tests as the TSTM 
movement changes direction from expansion to contraction, and it is most likely related to 
a small slowness/slippage in the TSTM System. The incremental E-modulus shows a 
somewhat faster development than the model, this is probably related to temperature 
effects caused by the realistic curing temperature as investigated and discussed in Chapter 
7.6. The incremental E-modulus development provides a direct description of the actual E-
modulus occurring in the given concrete specimen during testing in the TSTM System. 

 

Figure 6.17; Incremental E-modulus development during a TSTM test, realistic 
temperature conditions, ANL FA +16FA 

At the end of each performed TSTM tests, the specimen was unloaded and thereafter 
reloaded at a constant tensile strain rate until failure. This procedure provided an E-
modulus at the end of the test determined from a continuous loading (quite similar to the 
uniaxial tensile strength test). The E-modulus at the end of the test has been calculated as 
the secant E-modulus between 10 % and 40 % of the ultimate tensile stress, i.e. over a 
stress increment in the order of magnitude of approximately 1.0 MPa. 

The incremental E-modulus and the E-modulus at the end of the test are determined by two 
quite different approaches, but still they have been found to give rather similar results, see 
Chapter 8.5.2. To compare the two E-modulus approaches, the TSTM specimen was 
applied a compressive load of 0.8 MPa: first incrementally and then continuously, see 
Figure 6.18. The two consecutive loadings gave identical stress-strain relations regardless 
of the load application used, Figure 6.19. Further, the Ei development versus stress (Ei over 
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15 data steps as described above) were found for both loading conditions, Figure 6.20. Ei 
from the incremental load application starts at a somewhat higher value for each load 
increment, probably caused by an initial slowness in the system and/or a small slippage in 
the measuring devices. However, during each incremental loading, the Ei development 
gradually coincides with the Ei development determined from the continuous load 
application. Hence, using the final Ei value for each incremental loading will give an 
overall incremental E-modulus development equal to the Ei development obtained under a 
corresponding continuous loading. 

 

Figure 6.18; Incremental versus continuous compressive loading in the TSTM. ANL Ref. 

While Figure 6.20 compares the E-modulus-stress relations for incremental and continuous 
compressive loading, a corresponding comparison under tensile loading conditions is given 
in Figure 6.21. One concrete specimen in the TSTM (ANL FA +16FA) was loaded in four 
different manners: 1) incrementally up to 0.6 MPa, 2) continuously up to 1.0 MPa, 3) 
continuously up to 1.4 MPa and 4) continuously until it developed failure in tension. All 
load applications resulted in the same Ei-stress relation. Although the incremental loading 
gave a relatively high Ei at the beginning of each load increment, the final value coincided 
with the Ei developments determined from the continuously applied loads. The incremental 
E-modulus development (i.e. the final Ei value for each load increment) does not directly 
reflect the ultimate E-modulus, as the latter is calculated over a larger interval. However, Ei 
will still represent the actual E-modulus development in the given concrete specimen with 
respect to stress calculations of the TSTM. 
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Figure 6.19; Stress-strain relation for both incremental and continuous compressive 
loading in the TSTM, ANL Ref. 

 

 

Figure 6.20; Ei development for incremental versus continuous compressive loading in 
the TSTM, ANL Ref. 
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Figure 6.21; Ei development for incremental versus continuous tensile loading TSTM, 
ANL FA +16FA 

In the literature, the tensile E-modulus is often described to be calculated from the “linear 
part of the stress-strain relation”, e.g. [Yoshitake et al., 2012]. The shape of the currently 
found Ei-stress relations suggests however that there is no such “linear part”. Instead, Ei is 
found to be gradually decreasing with increasing stress, Figure 6.21. This observation has 
been described by both [Neville, 1972] and [Brooks et al., 1977].  [Neville, 1972] stated 
that the magnitude of the curvature of the stress-strain relation depended on the rate of 
application of stress, and he concluded that “Because the secant modulus decreases with an 
increase in stress, the stress at which the tensile E-modulus had been determined should 
always be stated.” In the current work the following rates of stress applications have been 
used: 1) incremental loading: 0.04 MPa/s, 2) continuous loading: 0.03 MPa/s and 3) 
uniaxial tensile strength tests: 0.17 MPa/s.  

To investigate if the presently found curvature of the stress-strain curve was related to the 
TSTM or if it was general, Ei-stress curves from TSTM tests were compared with 
corresponding curves deduced from uniaxial tensile strength tests, Figure 6.22. It should be 
noted that Ei for the mechanical tests are calculated over a larger stress interval than for the 
TSTM (0.40 MPa and 0.06 MPa, respectively). If a corresponding larger interval is chosen 
also for the TSTM data, a more even, however less detailed, Ei-stress curve would be 
obtained. Figure 6.22 shows that Ei obtained from uniaxial tensile strength tests show the 
same Ei-stress ratio as the TSTM (i.e. decreasing secant E-modulus with increasing stress). 
This conformity supports the validity of the results obtained from the TSTM, and it also 
suggests that the magnitude of the curvature of the stress-strain relation does not seem to 
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be dependent on the rate of application of stress, i.e. 0.04 MPa/s and 0.17 MPa/s for the 
TSTM and uniaxial tensile tests, respectively. 

From the found shape of the E-modulus-stress relation, Figure 6.22, it follows that the E-
moduli deduced from uniaxial tensile strength tests are very dependent on the stress 
interval from which they were determined. As previously described, in the current work, 
the tensile E-modulus has been calculated as the secant E-modulus between 10 % and 
40 % of the ultimate tensile stress (from the SINTEF internal procedure KS 14-05-04-511). 
In the literature, several other such criteria have been found. [Onken et al., 1995] defined 
the tensile E-modulus as the average secant E-modulus between 5 % and 50 % of the 
tensile strength, while [Bjøntegaard, 1999] calculated the tensile E-modulus based on the 
data between the stress values 0.5 and 2.0 MPa. In a study by [Yoshitake et al., 2014], the 
tensile stress-strain curves in the tests were stated to be linear almost up to the maximum 
force, and thus the tensile E-modulus was defined from a gradient of the linear best fit. 
However, during the current literature study several articles were found which did not state 
the stress interval from which the tensile E-moduli were determined. This is unfortunate 
because neither the tensile E-modulus nor the relation between tensile and compressive E-
moduli can automatically be compared or adopted between different studies unless the 
criteria from which the moduli were determined are the same. For instance, for the 
currently performed TSTM tests, using the data between 10 and 40 % of the tensile 
strength provided a tensile E-modulus at the end of the test which was approximately 1.0 
GPa lower than if the data between 0.5 and 2.0 MPa had been used.  

 

Figure 6.22; Tensile E-modulus from the TSTM and from uniaxial tensile strength tests, 
20 oC isothermal conditions and realistic temperature conditions, ANL FA +16FA 
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6.3.8 Reproducibility 

Several verification- and introductory tests have been performed in the TSTM. Repeated 
nominally identical tests indicate good reproducibility for both isothermal and realistic 
temperature conditions. The tests representing the TSTM reproducibility are summarized 
in Table 6.4 and the test results are presented in Figure 6.23 - Figure 6.27.  

Table 6.4; TSTM reproducibility: repeated nominally identical tests 

Concrete Temperature conditions No. of tests Figure 

ANL Ref. 20 oC  isothermal 2 Figure 6.23 

Realistic temp. history 3 Figure 6.24 

ANL FA Realistic temp. history 2 Figure 6.25 

ANL FA +16FA 20 oC  isothermal 2 Figure 6.26 

Realistic temp. history 2 Figure 6.27 
 

The tests presented in the current section were conducted during the years 2013-2015. 
Parallel to the testing, several adjustments and actions were initiated and performed to 
correct and complete the TSTM System (i.e. adjustments of the measuring length setup, 
adjustments of the software parameters, stabilisation of the surrounding temperature and 
air humidity conditions, change of cement batch, etc.). Hence, there are some variations in 
the experimental details among the performed tests. Numerical evaluations of the 
reproducibility of the tests presented in the current chapter are given in Table 6.5 - Table 
6.7. 

Figure 6.23 shows measured stress development for two TSTM tests performed with the 
reference concrete, ANL Ref.. The concrete specimens were applied a degree of restraint of 
100 % and exposed to 20 oC isothermal temperature conditions. The two tests in Figure 
6.23 were performed six months apart, and show very good reproducibility. Table 6.5 
shows a standard deviation of only 0.02 MPa at both 48 and 192 hours for the two tests. 

Stress developments measured for three realistic temperature TSTM tests performed with 
the reference concrete, ANL Ref., are given in Figure 6.24. The degree of restraint was set 
to 50 %. The tests were performed with identical realistic temperature histories, which 
represents the average temperature in a selected section of an 800 mm thick wall structure 
exposed to Norwegian summer conditions, see Section 7.3. The applied realistic 
temperature history is given in Figure 6.24. The time duration of the tests varies. The 
numerical evaluation presented in Table 6.5 clearly proves that the reproducibly among the 
ANL Ref. tests are very good. The standard deviation for three nominally identical realistic 
temperature tests is only 0.03 MPa after 48 hours, while the standard deviation for the two 
tests still remaining at 96 hours is 0.06 MPa. 
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Figure 6.23; Two nominally identical tests in the TSTM. Concrete ANL Ref., 20 oC 
isothermal conditions, R = 100 %) 

 

 

Figure 6.24; Three nominally identical tests in the TSTM. Concrete ANL Ref., realistic 
temperature conditions, R = 50 % 
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Table 6.5; TSTM reproducibility: numerical evaluation of ANL Ref. 

Test Age 
[h] 

No of 
tests 

Min Max Mean SD 

20 oC  isothermal 
48 2 0.50 0.53 0.52 0.02 

192 2 1.12 1.16 1.14 0.02 

Realistic temperature 
48 3 -1.16 -1.09 -1.12 0.03 

96 2 2.09 2.20 2.14 0.06 
 

Figure 6.25 shows the measured restrained stress developments for two nominally identical 
realistic temperature ANL FA tests applied a degree of restraint of 50 %. The stress 
developments measured for the two tests are almost identical during the compression 
phase, but a small deviation seems to occur during the tensile stress development phase, 
i.e. after approximately 60 hours. Table 6.6 gives a standard deviation of 0.04 MPa at 48 
hours, while the standard deviation after 80 hours is 0.15 MPa. 

 

Figure 6.25; Two nominally identical tests in the TSTM. Concrete ANL FA, realistic 
temperature conditions, R = 50 % 
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Table 6.6; TSTM reproducibility: numerical evaluation of ANL FA 

Test Age 
[h] 

No of 
tests 

Min Max Mean SD 

Realistic temperature 
48 2 -0.80 -0.71 -0.76 0.04 

80 2 1.70 2.00 1.85 0.15 
 

Figure 6.26 - Figure 6.27 present results from tests performed with the concrete ANL FA 
+16FA. Figure 6.26 shows total deformation measured in the TSTM for two nominally 
identical creep tests run under 20 oC isothermal conditions. One of the tests failed 
approximately 24 hours after loading due to a failure in the LVDT spring support, but up 
until failure the length measurements are almost identical for the two nominally identical 
tests. The numerical evaluation presented in Table 6.7 shows that the standard deviation at 
240 hours is only 0.2 μstrain for the two given tests, which must be considered very good. 

Figure 6.27 shows measured stress development for two TSTM tests performed with ANL 
FA +16FA under realistic temperature conditions. The degree of restraint was set to 50 %. 
The compressive stress measured for the two tests are almost identical. Table 6.7 shows 
that the standard deviation after 48 hours is 0.03 MPa, which must be considered rather 
small. However, during the tensile stress development phase, i.e. after approximately 84 
hours, an increasing deviation in measured stress development can be seen. After 240 
hours, the difference in tensile stress between the two tests is 0.47 MPa, which gives a 
standard deviation of 0.24 MPa. The obtained difference in stress development may be 
partly explained by: 1) a small difference in the deformation tolerance chosen in the 
software for the two tests and 2) an observed scatter in E-modulus development between 
the two tests. The test with the highest tensile stress was applied a slightly lower 
deformation tolerance threshold value, causing a small increase in the actually obtained 
degree of restraint R when compared with the other test (in this case estimated to an 
increase in R of approximately 0.5 %), see Section 6.3.6. In addition, the test with the 
highest tensile stress development showed a higher incremental E-modulus (approximately 
6.0 %) during the entire TSTM test, which could further partly explain the increase in 
tensile stress. 
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Figure 6.26; Two nominally identical creep tests in the TSTM. Concrete ANL FA +16FA, 
isothermal 20 oC   

 

 

Figure 6.27; Two nominally identical tests in the TSTM. Concrete ANL FA +16FA, 
realistic temperature conditions, R = 50 % 



6  Verification and documentation of the TSTM System 

79 

 

 

Table 6.7; TSTM reproducibility: numerical evaluation of ANL FA +16FA 

Test Age 
[h] 

No of 
tests 

Min Max Mean SD 

20 oC  isothermal 
(deformation [μstrain]) 

240 2 48.9 49.3 49.1 0.20 

Realistic temperature 
(stress [MPa]) 

48 2 -1.00 -0.94 -0.97 0.03 

96 2 0.62 0.77 0.70 0.08 

240 2 2.29 2.76 2.53 0.24 
 

 

6.4 Temperature Control  

The Dilation Rig and the TSTM are both connected to the same temperature control unit: a 
Julabo FP45 (described in Section 5.4). Both rigs in the TSTM System are connected to the 
same temperature control unit, but in parallel, separate circuits. The length of the two 
separate circuits of tubes with circulating water is quite different for the two rigs. The 
current section discusses this issue and how to handle the temperature control system in 
order to achieve the same temperature history in both rigs. 

It should be noticed that the accuracy of the Type T thermocouple used for temperature 
measurements in the current work is ± 1.0 °C. This should be taken into consideration 
during the evaluation.  

Prior to a realistic temperature test in the TSTM System, a specific temperature history to 
be applied the concrete specimens is calculated based on the heat properties for the given 
concrete. However, due to heat loss to the surroundings, the temperature programmed in 
the Julabo (the Julabo water temperature) is not exactly equal to the temperature occurring 
in the centre of the two concrete specimens. Consequently, a calculation procedure to 
compensate for the difference between the following three temperature histories has been 
established:   

1) Original calculated temperature history, Tcalculated(t) 
2) Temperature history programmed in the Julabo, Tjulabo(t)  
3) Temperature measured in the TSTM, TTSTM(t) (  the Dilation Rig TDil(t)) 

A relation between Tjulabo(t) and TTSTM(t) was found by programming a series of 
temperature steps in the Julabo and comparing the programmed Julabo temperature with 
the corresponding temperature measured in the TSTM. The deviation between 
programmed and measured temperatures was found to be linearly increasing with 
increasing temperature level for both rigs. Figure 6.28 shows the original calculated 
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temperature Tcalculated(t) versus actually measured temperature in the specimen centre 
TTSTM(t) for four of the temperature histories used in the verification tests. The calculated 
temperature history programmed in the Julabo Tjulabo(t) (which is higher than Tcalculated(t) to 
compensate for the heat loss) is not given in the figure. The figure shows that the 
established relation between desired and programmed temperature gives rather good 
control. 

 

Figure 6.28; Temperature control: desired (calculated) temperature history versus 
temperature measured in the centre of the specimens of the TSTM and the Dilation Rig 

In addition to the described difference between programmed temperature and temperature 
measured in the TSTM, there is also, as previously described, a deviation between the 
temperatures measured in the Dilation Rig, TDil(t), and the TSTM, TTSTM(t). This 
temperature difference is corrected for in the evaluation phase, but it is still aspired to keep 
the difference as small as possible. Figure 6.29 shows the difference between the 
temperatures measured in the Dilation Rig and the TSTM during both isothermal and 
realistic temperature tests. For the isothermal tests, the temperature difference between the 
Dilation Rig and the TSTM is maximum 0.2 oC. For the realistic temperature tests, the 
temperature difference between the two rigs is, not surprisingly, found to be increasing 
with increasing temperature level. For the highest test temperature, Tmax = 62 oC, the 
temperature measured in the TSTM is 0.9 oC higher than the temperature measured in the 
Dilation Rig, implying that the temperature control of the TSTM is more effective than for 
the Dilation Rig. 



6  Verification and documentation of the TSTM System 

81 

 

 

Figure 6.29; Temperature difference between measured temperature in the Dilation Rig 
and the TSTM for three isothermal tests and four realistic temperature tests 

During spring 2015, corrosion in the quick release coupling between the temperature-
control unit and the Dilation Rig was discovered. The corrosion had gradually damaged the 
coupling and reduced the inner water flow cross-section area and hence the temperature 
control efficiency. The damaged coupling was removed, and the temperature control in the 
Dilation Rig obtained increased efficiency, making the temperature control of the Dilation 
Rig more efficient than for the TSTM. This is as expected and explained by the path of the 
circulating water, which is about six times longer in the TSTM than in the Dilation Rig. As 
a measure to achieve the same temperature control efficiency for the two rigs, a butterfly 
valve was installed to narrow the cross-section of the Dilation Rig water supply. In this 
way, more or less identical temperature histories may now be obtained for the two rigs. 
Figure 6.30 shows the relation between the following four temperatures: 1) Calculated 
desired temperature, 2) Temperature programmed in the Julabo, 3) Temperature measured 
in the TSTM and 4) Temperature measured in the Dilation Rig, for a test performed after 
the butterfly valve was installed. The results reveal good temperature agreement between 
the two rigs in the TSTM System, as well as between the original calculated temperature 
and the temperature actually obtained in the two concrete specimens. 

The majority of the tests performed in the current work were already carried out when the 
corrosion problem was discovered and the coupling was replaced. Hence, the above 
discussions and results are valid for most of the reported tests. Although the efficiency of 
the Dilation Rig has changed, the general conclusion is that when using data from Julabo 
temperature loops run in the TSTM System, a reliable and stable relation between imposed 
(programmed) temperature and measured temperature can be determined. By integrating 
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this relation into the calculation of the Julabo temperature input, a good control of the 
desired, imposed and obtained temperature history the concrete specimens during testing 
can be achieved. 

 

Figure 6.30; Temperature control: imposed temperature vs measured temperature, after 
removing the corroded quick release couplings 

A uniform temperature distribution over the concrete specimens during testing is also 
important. This issue was investigated by [Bjøntegaard, 1999], who performed restrained 
stress tests with several thermocouples placed over the cross-section of the specimens. The 
conclusion was that the temperature in both specimens in the TSTM System was uniform 
during both isothermal tests and realistic temperature tests. 
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7 Experimental basis for stress calculations and 
determination of model parameters 

7.1 Introduction 

A mechanical test programme has been carried out with the aim to establish a basis of 
model parameters for early age stress calculations. The current section gives a presentation 
of the test results and the corresponding established material parameters. The following 
test series have been performed: 

- Heat development from semi-adiabatic calorimeter tests 
- Mechanical properties under 20 oC isothermal conditions 
- Mechanical properties, effect of curing temperature history 
- Creep tests in the TSTM System 

The heat development results, Section 7.2, were used for calculations of realistic test 
temperatures, Section 7.3. Results from the mechanical test series under 20 oC isothermal 
conditions, Section 7.4, were used as a basis for model parameters determination for 
compressive strength, tensile strength and E-modulus. The test series that investigated the 
effect of curing temperature on the mechanical properties was used to evaluate whether or 
not the curing temperature had to be taken into consideration in terms of the end-value for 
each property, Section 7.6. 

As described in Chapter 4, the concrete series consists of five concretes: ANL Ref., ANL 
FA, ANL FA +8FA, ANL FA +16FA and ANL FA +28FA. The concretes have a fly ash 
content of 0 %, 17 %, 25 %, 33 % and 45 %, respectively, achieved by increasingly 
replacing cement with fly ash (the fly ash content is given as percentage of the total 
amount of cement + FA). 

Based on the test results and corresponding evaluations presented in the following sections, 
a final set of material parameters has been established. The final material parameters, used 
as input during the later restrained stress analysis, are summarized in Section 7.9. 

 

7.2 Heat development 

The results from the semi-adiabatic calorimeter tests are presented as adiabatic temperature 
developments in Figure 7.1 - Figure 7.2, and as isothermal heat development in Figure 7.3 
and Figure 7.4. A tabulated version of the isothermal heat development is given in 
Appendix B. As described in Section 4.2: during the current work, two batches of cement, 
EG1-10 (ANL cement) and TF3-11 (ANL FA cement), went short and had to be replaced 
with new ones, EG1-14 and TF5-14, respectively. Semi-adiabatic calorimeter tests were 
performed for the given concrete series for all cement batches. However, ANL FA +28FA 
was added to the concrete series after the cement batches were replaced, and its heat 
development is thus only measured with the new cement batch TF5-14. Figure 7.3 shows 
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the isothermal heat development results for the concrete series with the originally used 
cement batches (EG1-10 and TF3-11), and Figure 7.4 the repeated series with the new 
cement batches (EG1-14 and TF5-14) including also ANL FA +28FA. It can be seen 
directly from the two figures that the heat development for comparable concretes are quite 
different. However, the effect of increasing FA content is in both cases reduced heat 
increase, as expected. While the new ANL cement had a small decrease in heat 
development compared to the first batch, the new ANL FA cement had a considerable 
increase. Consequently, with the new cement batches there was less difference in heat 
development between ANL Ref. and the fly ash concretes based on ANL FA cement. 

Table 7.1 presents the total adiabatic temperature increase after 20 and 60 hours. The table 
shows that the new batch of ANL FA cement, TF5-14 (which is the basis for all concretes 
containing FA), has a considerable impact on the concrete heat development, especially 
early in the hardening phase (i.e. before approximately 50 hours). For ANL FA +16FA, the 
use of cement batch TF5-14 compared to batch TF3-11 caused a 53% increase in adiabatic 
temperature rise after 20 hours. The corresponding increase in adiabatic temperature rise at 
60 hours is 16 %. It is evident that the change of cement batch has had a major impact on 
the heat development for all the fly ash concretes. 

 

Figure 7.1; Adiabatic temperature development, cement batch EG1-10 and TF3-11 
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Figure 7.2; Adiabatic temperature development, cement batch EG1-14 and TF5-14 

 

 

Figure 7.3; Isothermal heat development, cement batch EG1-10 and TF3-11 
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Figure 7.4; Isothermal heat development, cement batch EG1-14 and TF5-14 

 

Table 7.1; Adiabatic temperature rise after 20 hours and 60 hours 

Concrete Cement 
Tad (20 h) 

[oC]  
* Tad (60 h) 

[oC] 
* 

ANL Ref. EG1-10 39.4 - 55.7 - 

EG1-14 41.8 1.06 51.3 0.92 

ANL FA TF3-11 26.7 - 44.1 - 

TF5-14 36.5 1.37 49.9 1.13 

ANL FA +8FA TF3-11 21.7 - 40.9 - 

TF5-14 29.2 1.35 46.1 1.13 

ANL FA +16FA TF3-11 16.8 - 36.2 - 

TF5-14 25.7 1.53 41.9 1.16 

ANL FA +28FA TF5-14 18.5 - 34.8 - 

*) Adiabatic temperature rise for the new cement batches (EG1-14 and TF5-14) relative to the 
originally used cement batches (EG1-10 and TF3-11) 
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7.3 Realistic temperature histories 

The majority of the performed TSTM tests have been carried out under semi-adiabatic 
conditions, i.e. the concrete specimens have been subjected to a realistic temperature 
history during testing. These temperature histories were calculated with the program 
CrackTeSt COIN [JEJMS Concrete AB, 2009-2012]. The calculations were based on the 
heat development results reported in the previous section and on a wall structure as 
described in the following.  

The wall is 800 mm thick and 4200 mm high, and it is cast onto a 1000 mm thick 
foundation, see Figure 7.5. The following calculation results (which are used later during 
the experiments to control the test temperatures) are the average temperature of a 200 x 
800 mm cross section area marked in grey in Figure 7.5. Calculation presumptions, e.g. 
initial and ambient temperatures and heat convection coefficients, are summarized in Table 
7.2 and Table 7.3. For each concrete, two temperature histories were calculated 
representing: 1) Norwegian summer conditions and 2) Norwegian winter conditions. The 
temperature histories representing summer conditions were calculated for both the original 
and new cement batches (discussed in the previous section). The winter temperature 
histories, however, were calculated only for the new cement batch. The calculation results 
are given in Figure 7.6, Figure 7.7 and Figure 7.8 (where the presented temperature curves 
are the average of the grey area in Figure 7.5). As expected, the calculated temperature rise 
in the given cross-section becomes both lower and slower with increasing fly ash content 
for both ambient temperature conditions regardless of cement batch.  

 

 

Figure 7.5; Wall structure used for temperature calculations [mm] 
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Table 7.2; Calculation presumptions: temperatures and formwork removal 

 Summer Winter 

Initial concrete temperature  20 oC 10 oC 

Initial foundation temperature 20 oC 10 oC 

Ambient temperature  20 oC 5 oC 

Removal of formwork 3 days No removal 
 

 

Table 7.3; Convection coefficients for the concrete boundaries 

 hsurf      
[W/m2K] 

Boundary 

Formwork 3.33  18 mm plywood, no wind 

Free surface 12.6  Free surface, wind v = 1.5 m/s 
 

Table 7.4 presents the maximum temperature Tmax and the maximum temperature increase 
Tmax for all calculated temperature histories. The table clearly illustrates the fact that the 

new ANL FA cement batch, TF5-14, has considerable more heat than the original batch. 
Figure 7.9 compares calculated temperature results directly for original and new cement 
batches for ANL Ref. and ANL FA. For ANL FA, the change of cement batch causes a 9 oC 
(24 %) increase in Tmax. The main difference in temperature increase arises in the heat 
development phase, while the difference after the chosen demoulding time of 72 hours is 
not that pronounced. ANL Ref. is however not much influenced by the cement batch 
exchange, with a change in maximum temperature of only 2 %. 

Due to the major difference in heat development (and thus concrete temperature 
development) for the two ANL FA cement batches TF3-11 and TF5-14, the initially 
calculated temperature histories based on TF3-11 no longer represent the same concrete 
structure when the new cement batch TF5-14 is used. This has been taken into 
consideration in the further evaluations.  

The temperature histories representing winter conditions (Figure 7.8) were calculated 
based on the new cement batches (EG1-14 and TF5-14). As expected, winter conditions 
have a considerable influence on the calculated temperature history in the way that the 
temperature increase is lower than for summer conditions. When exposed to winter 
conditions, ANL FA +28FA has a maximum temperature of only 26.1 oC, while the 
maximum temperature during summer conditions was found to be 43.8 oC. 
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Figure 7.6; Average calculated wall temperature in selected area under summer 
conditions,  original cement batch EG1-10 and TF3-11 

 

 

Figure 7.7; Average calculated wall temperature in selected area under summer 
conditions, new cement batches EG1-14 and TF5-14 
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Figure 7.8; Average calculated wall temperature in selected area under winter 
conditions, new cement batches EG1-14 and TF5-14 

 

 

Figure 7.9; Average calculated wall temperature in selected area under summer 
conditions, ANL Ref. and ANL FA, all cement batches (EG1-13, EG1-14, TF3-11 and 
TF5-14) 

 



7  Experimental basis for stress calculations and determination of model parameters 

91 

 

Table 7.4; Maximum temperature Tmax and maximum temperature increase Tmax for the 
investigated concretes 

Concrete Season Cement* 
Tmax wall** 

[oC] 
Tmax wall** 

[oC] 
 

ANL Ref. Summer EG1-10 61.8 41.8 - 

EG1-14 62.6 42.6 1.02 

Winter EG1-10 45.3 35.3 - 

ANL FA Summer TF3-11 51.6 31.6 - 

TF5-14 59.2 39.2 1.24 

Winter TF5-14 43.3 33.3 - 

ANL FA +8FA Summer TF3-11 49.2 29.2 - 

TF5-14 53.8 33.8 1.16 

Winter TF5-14 37.6 27.6 - 

ANL FA +16FA Summer TF3-11 45.1 25.1 - 

TF5-14 49.8 29.8 1.19 

Winter TF5-14 32.6 22.6 - 

ANL FA +28FA Summer TF5-14 43.8 23.8 - 

Winter TF5-14 26.1 16.1 - 

*) The temperature calculations are based on heat development results from the listed cement, see 
previous section 

**) The average value over a 200x800 cross-section 
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7.4 Mechanical properties under 20 oC isothermal conditions 

7.4.1 General 

A test series on mechanical property development under 20 oC isothermal conditions has 
been carried out for the concretes ANL Ref., ANL FA, ANL FA +8FA and ANL FA +16FA. 
The following tests were included in the test series: 

- Compressive strength over time at 5 oC, 20 oC and 35 oC isothermal temperature, 
respectively (for determination of activation energy)  

- Compressive strength  
- Tensile strength (splitting and uniaxial) 
- E-modulus (in compression and in tension) 

While the compressive strength tests for activation energy determination were performed 
at NORCEM, all the other tests were performed at NTNU/SINTEF. The test series was 
conducted within the COIN project’s sub-activity FA 3.1 “Crack Free Concrete Structures” 
[COIN, 2007-2014]. The results are reported in [Kjellmark et al., 2015], but a summary as 
well as an independent evaluation are given in the following. A corresponding test series 
was also performed for the later added concrete ANL FA +28FA. The latter results are only 
reported in the current work, and are thus more thoroughly described. 

As described in Section 4.2, the originally used batches of cement were replaced with new 
cement batches during the given PhD work. As a result, the concretes ANL Ref., ANL FA, 
ANL FA +8FA and ANL FA +16FA were tested for mechanical properties with the 
originally used batches of cement, while ANL FA +28FA was tested with the new cement 
batch. In order to investigate the effect of cement batch on mechanical properties, an 
additional limited mechanical test program was performed with ANL Ref. and ANL FA with 
the new cement batches. In contrast to the considerable effect on heat development 
(Section 7.2), the new cement batches only had a minor influence on the mechanical 
properties: a small increase in compressive strength for all concretes, as well as a small 
increase in tensile strength for ANL Ref. These results are reported in [Kjellmark, 2015] 
and they were not taken into consideration in the current work.  

Material parameters for each concrete has been determined by fitting the material models 
described in Section 3.4 to the results from the mechanical test series. The current section 
gives an overview of the determined material parameters as well as the test results which 
they were based on. The results are reported in Section 7.4.2 - 7.4.5, while a discussion on 
results and influence of FA content is given in Section 7.4.6. 

 

7.4.2 Activation Energy 

The compressive strength tests (performed at NORCEM) at 5 oC, 20 oC and 35 oC for 
ANL FA +28FA are presented in Table 7.5. The corresponding results for the other 
concretes are given in Appendix C.  
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Table 7.5; NORCEM compressive strength test results at 5, 20 and 35 oC, ANL FA +28FA 

5 °C 20 °C 35 °C 

Age [d] [MPa] Age [d] [MPa] Age [d] [MPa] 

1 0.9 0.5 3.0 0.25 1.4 

1.5 3.2 0.67 5.3 0.33 4.6 

2 6.0 1 8.4 0.5 8.3 

3 9.0 2 15.5 0.67 10.7 

4 12.7 3 19.3 1 14.8 

5 15.0 7 27.2 2 22.4 

7 19.1 28 48.6 4 33.3 

28 29.9 - - 28 66.2 
 

The activation energy parameters A and B were found by the following procedure: the 
compressive strength model, Equation 3.11, was fitted to the compressive strength test 
results at 20 °C by using the method of least squares. Further, the maturity time-scale was 
adjusted by changing the A-parameter as to fit the 35 °C test results to the 20 °C model 
line, and by changing the B-parameter as to fit the 5 °C test results to the 20 °C model line. 
The obtained activation energy parameters are presented in Table 7.6. Compressive 
strengths (both measured and modelled) for ANL FA +28FA are plotted versus maturity in 
Figure 7.10, while corresponding figures for the other concretes are given in [Kjellmark et 
al., 2015].   

Table 7.6; Activation energy parameters A and B 

Concrete 
A           

[J·mol-1] 
B           

[J·mol-1·K-1] 

ANL Ref.  31482 296 

ANL FA  31487 197 

ANL FA +8FA  32958 273 

ANL FA +16FA  37023 0 

ANL FA +28FA 42124* 53* 

*)Assumed values: A = 42000 and B = 0 
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Figure 7.10; Measured and modelled compressive strength versus maturity,  ANL FA 
+28FA  

The activation energy parameters for ANL FA +28FA were needed for calculation purposes 
before the results from the activation energy tests were available. Therefore, the parameters 
were assumed to be: A = 42000 and B = 0 based on the results from the other concretes. 
The assumed values were very similar to the parameters later found from testing (Table 
7.6). In addition, the choice of one of the two “A and B”- sets would not have any effect on 
the calculation results due to the fact that all material parameter determinations have been 
based on the chosen set of A and B. It was therefore decided to proceed with the assumed A 
and B values for ANL FA +28FA as they were already included in several calculations. 

The effect of fly ash content on the activation energy parameters is discussed in Section 
7.4.6. 

 

7.4.3 Compressive strength 

Standard 28-days 20 oC compressive strength tests were performed at both NORCEM and 
NTNU. A comparison of these results are presented in Table 7.7 and illustrated in Figure 
7.11. The compressive strengths found by NORCEM were in average 9 MPa (13 %) higher 
than the corresponding strengths found by NTNU. The reason for the deviation between 
the two laboratories is unclear, however, it could be explained by different test equipment 
as well as differences in cement batches, gravel bathes and mixing procedures. ANL FA 
+28FA was also tested at 91 days at NTNU: fc91 = 60.9 MPa, implying a considerable 
property increase (34 %) between 28 and 91 days. 
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Table 7.7; Compressive strengths under 20 oC isothermal conditions 
at 28 days, NTNU and NORCEM 

Concrete 
fc28          

NTNU   
[MPa] 

fc28   
NORCEM 

[MPa] 

ANL Ref.  80.3  84.8 

ANL FA  71.2  79.3 

ANL FA +8FA  65.7  78.9 

ANL FA +16FA  53.6  66.9 

ANL FA +28FA 45.3 48.6 
 

 

 

Figure 7.11; 28-days compressive strengths under 20 oC isothermal 
conditions, NTNU and NORCEM 

The compressive strength model parameters were determined from the NORCEM test 
results (Section 7.4.2) by the procedure described in the following: first, t0 was found by 
fitting the compressive strength model, Equation 3.11, to the 20 oC strengths by using the 
method of least squares. Further, fc28 and s were found by fitting Equation 3.11 to the 
compressive strength test results for all temperatures (5 oC, 20 oC and 35 oC) while using 
the activation energy parameters found in the previous section. The obtained model 
parameters t0, fc28 and s are presented in Table 7.8.  

As previously described, the compressive strengths found by NORCEM were higher than 
the corresponding values found by NTNU. As all tests, except compressive strength at 
different temperatures, were carried out at NTNU, it was decided to use only the activation 
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energy A and B and the time-development model parameter s obtained from the NORCEM 
results, while fc28 and t0 were set according to the NTNU results. Hence, the model 
parameter fc28 was set to be the 28-day compressive strength found at NTNU and t0 was 
determined by the procedures discussed in Section 7.5. The final derived compressive 
strength model parameters are presented in Table 7.8 and illustrated in Figure 7.12. The 
effect of fly ash content on the compressive strength is discussed in Section 7.4.6. 

Table 7.8; Compressive strength model parameters, NORCEM and NTNU 

 Based on NORCEM  Based on NTNU/TSTM 

Concrete fc28  

(NORCEM) 
s t0  

[Maturity 
hours] 

fc28 

(NTNU) 

t0   
[Maturity 

hours] 

ANL Ref.  78.8 0.200 8.9 80.3 8.8 

ANL FA  77.8 0.257 7.5 71.2 9.5 

ANL FA +8FA  77.1 0.295 7.5 65.7 11.0 

ANL FA +16FA  67.9 0.356 7.0 53.6 12.0 

ANL FA +28FA 49.4 0.424 8.0 45.3 13.0 
 

 

  

Figure 7.12; Compressive strength development (left) and relative compressive strength 
development (right), as expressed by the model 
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7.4.4 Tensile strength 

The indirect tensile splitting test is considered the favourable test method from a laboratory 
perspective due to the difficulties experienced with direct tensile methods. However, the 
direct uniaxial tensile strength is the desired input parameter for stress calculations. Thus, a 
test series including both splitting strength and direct uniaxial strength under 20 oC 
isothermal curing conditions was performed in order to establish a relation between the 
two methods. The tensile strength test results are presented in Table 7.9 and illustrated in 
Figure 7.13. For the later added ANL FA +28FA however, only direct tensile strength tests 
were performed. It can be seen that the tensile strength both at 2 and 28 days decreases 
systematically with increasing fly ash content, except for the direct tensile strength result 
for ANL FA at 28 days (3.09 MPa). Based on 7 restrained ANL FA tests in the TSTM 
System, the 28-day direct uniaxial tensile strength was seen to be higher, on average 3.60 
MPa. This result gives coherence with the other tensile strength test results, and it was 
therefore decided to use 3.60 MPa as the 28-day direct tensile strength for ANL FA 
(marked “TSTM” in Figure 7.13). 

Table 7.9; Tensile strength test results (20 oC) 

Concrete  

Tensile splitting 
strength [MPa] 

Direct uniaxial tensile strength  
[MPa] 

2 days 28 days 2 days 28 days 91 days 

ANL Ref.  3.69 5.07 2.80 3.92 - 

ANL FA  2.72 4.59 2.42 3.09** - 

ANL FA +8FA  2.32 4.10 2.01 3.38 - 

ANL FA +16FA  1.97 3.72 1.66 3.16 - 

ANL FA +28FA - - 1.56* 3.02 3.99 
*) Tested at 3 days 
**) Deviating result, it is argued and decided to proceed with the value ft28 = 3.60 MPa 
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Figure 7.13; Tensile strength at 2 days and 28 days, 20 oC isothermal curing 

The tensile strength model parameters were found by the procedure described in the 
following: a correlation between splitting and direct tensile strength was established, 
Equation 7.1, and the splitting test results were adjusted to direct tensile strength values, 
see [Kjellmark et al., 2015]. The tensile strength model parameters were found by fitting 
the tensile strength model described in Section 3.4, Equation 3.12, to the test results by 
using the method of least squares. Further, due to the limited number of test ages, the 
model parameter ft28 was fixed to the 28-day tensile strength (i.e. the average of direct 
strength and adjusted splitting strength). 

  Equation 7.1 

 where ft is the uniaxial tensile strength and fts is the tensile splitting strength   

The model parameters found for ANL FA +28FA were based on direct uniaxial tensile tests 
only. As opposed to the other concretes, ANL FA +28FA was also tested at 91 days, but for 
comparison and similarity reasons, only the test results at 2 and 28 days were used for the 
given tensile strength material model determination. Model parameters for the tensile 
strength development are presented in Table 7.10 and illustrated in Figure 7.14.  
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Table 7.10; Direct tensile strength, model parameters 

Concrete ft28  

[MPa] 
nt 

  

ANL Ref. 3.86 0.484 

ANL FA 3.55 0.589 

ANL FA +8FA 3.28 0.509 

ANL FA +16FA 3.05 0.486 

ANL FA +28FA  3.02 0.665 
 

 

  

Figure 7.14; Direct tensile strength development (left) and relative tensile strength development 
(right), as expressed by the model 

 

7.4.5 E-modulus 

The compressive and tensile E-modulus test results under 20 oC isothermal curing 
conditions are presented in Table 7.11 and illustrated in Figure 7.15. The compressive E-
modulus was determined according to [NS 3676:1987], while the tensile E-modulus was 
calculated as the secant E-modulus between 10 % and 40 % of the ultimate tensile stress. 
For ANL Ref., the 28-day uniaxial tensile tests failed and therefore the 28-day tensile E-
modulus had to be assumed. This was done by extrapolating the linear trend line from the 
28-days results for the other concretes with higher FA content, as shown in Figure 7.22. 
From this procedure, the ANL Ref. 28-days tensile E-modulus was assumed to be 34.1 GPa.  

The tensile E-modulus was found to be slightly higher than the compressive E-modulus for 
all concretes and test ages. This relation is however not compared with other studies as the 
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tensile-compressive E-modulus relation is found to be strongly dependent on the stress 
range from which the moduli were determined, see discussion in Chapter 6.3.7.  

Table 7.11; E-modulus test results at 2 days and 28 days, 20 oC isothermal conditions 

Concrete  

E-modulus in 
compression [GPa] 

E-modulus in tension         
[GPa] 

2 days 28 days 2 days 28 days 91 days 

ANL Ref.  25.3 30.8 27.0 -* - 

ANL FA  22.5 30.2 25.5 30.9 - 

ANL FA +8FA  21.4 26.9 23.0 28.5 - 

ANL FA +16FA  19.6 27.8 21.9 27.8 - 

ANL FA +28FA - - 20.6** 24.9 28.4 
*) Test failed, value 34.1 GPa assumed based on trend lines  
**) Tested at 3 days 

 

 

Figure 7.15; E-modulus test results at 2 days and 28 days 

The model parameters describing the development of the E-modulus were determined in 
the following way: the model parameter E28 was set to the average of the 28-day E-
modulus in compression and in tension, while the model time-development parameter nE 
was found by best fit (least square) to the E-modulus test results (compression and tension) 
at 2 days, see Section 3.4, Equation 3.13. The model parameters found for ANL FA +28FA 
were based on E-modulus in tension only, since the compressive E-modulus was not 
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measured. The model parameters describing the E-modulus development are given in 
Table 7.12 and illustrated in Figure 7.16. 

Table 7.12; Model parameters E-modulus 

Concrete 
E28 

[GPa] 
nE 

  

ANL Ref. 32.45 0.348 

ANL FA 30.55 0.299 

ANL FA +8FA 27.70 0.233 

ANL FA +16FA 27.80 0.252 

ANL FA +28FA  24.88 0.189 
 

 

  

Figure 7.16; E-modulus development (left) and relative E-modulus development (right), as 
expressed by the model 

 

7.4.6 Discussion of all mechanical properties test results 

The influence of fly ash content on the activation energy parameters A and B are illustrated 
in Figure 7.17. The activation energy for temperatures above 20 oC (represented by the 
parameter A) was systematically increasing with increasing amount of fly ash. The same 
trend was seen for the parameter A in [Bjøntegaard, 2004], [Han et al., 2003] and 
[Bjøntegaard et al., 2012]. The influence of fly ash on the parameter B was not found to be 
as systematic, neither here nor in the literature. There was however a tendency of a 
decreasing B value with increasing amount of fly ash. The resulting activation energies for 
all concretes over the temperature interval -10 to 50 oC are shown in Figure 7.18. The 
overall effect of this, in terms of relative hydration rate (Equation 3.1 in Section 3.4.1), can 
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be seen in Figure 7.19. While the hydration rate for temperatures below 20 oC is quite 
similar for all concretes, the hydration rate is increasing with increasing amount of fly ash 
for temperatures above 20 oC. 

   

Figure 7.17; Activation energy parameters A (left) and B (right) versus fly ash content 

 

 

Figure 7.18; Activation energy ET versus temperature for various fly ash 
contents [%], see Equation 3.1 

 

 

Figure 7.19; Hydration rate function H(T) versus temperature for various fly 
ash contents [%] 
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For all concretes, both the 2-day and 28-day values for compressive strength, tensile 
strength and E-modulus were found to decrease with increasing fly ash content, Figure 
7.20 - Figure 7.22. This is as excepted, as the addition of pozzolanes is known to cause 
slower strength and temperature development than for ordinary Portland cement alone, 
[Neville, 1972], [Herholdt et al., 1979] and [Möller et al., 1982]. The same references also 
state that the ultimate strength developed over longer times may reach and/or even exceed 
the ones for ordinary Portland cement. This was however not seen in the given test series 
as the concretes were normally tested at 2 and 28 days only, which is not enough time for 
studying these effects, but still relevant for the intended use which is stress calculation in 
the early age. The long-term property development of fly ash concretes is addressed in 
Section 7.6. As previously described, the compressive- and tensile strengths as well as the 
E-modulus were all found to decrease systematically with increasing amount of fly ash. 
Similar trends have been found several places in the literature, but not always as clear and 
systematic as in the current work. A test series on mechanical property development 
reported by [Bjøntegaard et al., 2003] showed a consistent decrease in the 28-day 
compressive strength, tensile strength (direct and splitting strength), as well as E-modulus 
with increasing fly ash dosage under 20 oC isothermal conditions. [Ji, 2008], however, 
found that while both the 28-day compressive- and tensile strength decreased with 
increasing amount of fly ash, this was not the case for the 28-day E-modulus which 
actually increased with fly ash content for two of the concretes when compared to the 
reference. In [Bjøntegaard et al., 2012], both the 28-day compressive strength and E-
modulus was reported to have a slight decrease with fly ash dosage, while the splitting 
tensile strength on the other hand showed a clear increase with fly ash content. Test results 
reported by [Pathak et al., 2012] showed a clear and systematically decrease in both 
compressive strength and tensile splitting strength with increasing amount of fly ash in 
self-compacting-concrete. [Case et al., 2013] measured compressive strengths at 7 and 28 
days on concrete with 0, 15, 30 and 45 % fly ash. While the 7-day strength was found to be 
decreasing with increasing fly ash content, surprisingly no corresponding relation was seen 
for the 28-day strength. 

In the present study, the only property that did not decrease with increasing fly ash dosage 
was the 28-day compressive E-modulus for ANL FA +16FA, which was slightly higher 
(3.5 %) than ANL FA +8FA, Figure 7.15. It is notable that the incremental E-moduli found 
directly from the TSTM tests were also decreasing with increasing fly ash content, see 
Section 7.8. Due to the rather high compressive 28-day E-modulus measured for ANL FA 
+16FA, the concretes ANL FA +8FA and ANL FA +16FA obtained a quite similar 28-day 
E-modulus model parameter, Table 7.12, Figure 7.16 and Figure 7.22.  

It should be noted that when establishing the material models for tensile strength and E-
modulus, only the 2-day result (average of two or three specimens) was used to determine 
the time development parameter n. This limited test program could provide some 
sensitivity to the outcome, especially for the tensile strength which usually has a larger 
scatter in test results than the other properties, see Section 7.6. However, the relative 
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tensile strength developments, illustrated in Figure 7.14, show that the shape of the curve 
changes systematically with increasing fly ash dosage, as one would expect.  

 

Figure 7.20; Compressive strength at 28 days, tested at NTNU and NORCEM (20 oC) 

 

 

Figure 7.21; Direct tensile strength at 2 days and 28 days versus fly ash content, 20 oC 
isothermal curing conditions 
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Figure 7.22; E-modulus in tension at 2 days and 28 days versus fly ash content, 20 oC 
isothermal curing conditions 

 

7.5 t0 – start time for stress development 

The start time for stress development, t0, is defined as the time at which the E-modulus 
reaches significant values so that the occurring volume changes can produce measurable 
stresses. The material models describing compressive strength, tensile strength and E-
modulus (see Section 3.4) contain the same time parameter t0. In addition, also the thermal 
dilation and autogenous deformation curves start at t0, as there are no stress-inducing 
volume changes before t0.  

In the current work, t0 has been determined by three different approaches: 

- From compressive strength tests over time performed at NORCEM: Based on the 
presumption that all mechanical properties start to develop simultaneously, t0 was 
found from compressive strength tests as described in Section 7.4.3. 

- From semi-adiabatic calorimetry tests performed at NTNU: The start time 
determined from semi-adiabatic calorimetry tests is defined as the maturity time 
where the heat release is 12 kJ above the “baseline” heat release during the dormant 
period. This time is denoted t12kJ. The t0 –parameter was deduced by the following 
assumption found by [Bjøntegaard et al., 2000]: t0 = t12kJ + 1.8 hours. 

- From realistic temperature tests in the TSTM System (at NTNU): From TSTM tests, 
t0 was defined as the maturity time when the measured restrained stress reached 0.1 
MPa for tests performed under realistic (summer) temperature conditions 
[Bjøntegaard, 1999]. The tests performed under winter conditions provided a 
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somewhat later t0 than tests under summer conditions. This is probably related to 
the fact that the activation energy is slightly different to that of the hardening phase 
[Smeplass, 2001], which has not been within the scope of the present study. 

The obtained values for t0 are presented in Table 7.13. While the t0 values from the 
compressive strength tests were slightly decreasing with increasing fly ash content, t0 from 
both the semi-adiabatic calorimetry tests and TSTM tests showed the opposite trend. The 
latter is expected due to previous experience. The realistic temperature tests in the TSTM 
System are considered to give the most trustworthy t0 development. Hence, t0 determined 
from the TSTM tests were decided used for early age stress calculations in the current 
work. 

Table 7.13; Start time for stress development, t0  [maturity hours] 

 Concrete 

Compr. 
Strength 

(NORCEM) 

Semi-adiabatic calorimeter tests (NTNU) 
TSTM* 
(NTNU) Cement batches 

EG1-10 and TF3-11 
Cement batches 

EG1-14 and TF4-15 

t0 t12kJ t0 = t12kJ  t12kJ t0 = t12kJ  t0 

ANL Ref.  8.9 7.0 8.8 7.0 8.8 8.8 

ANL FA  7.5 8.8 10.6 7.5 9.3 9.5 

ANL FA +8FA  7.5 9.3 11.1 7.8 9.6 11.0 

ANL FA +16FA  7.0 10.2 12.0 7.5 9.3 12.0 

ANL FA +28FA 8.0 - - 8.4 10.2 13.0 
*) t0 was deduced from TSTM tests performed with cement batches EG1-10 and TF4-15 
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7.6 Additional mechanical testing – effect of curing temperature history 

7.6.1 Introduction 

Along with the mechanical test results discussed previously and parallel TSTM tests it was 
suspected that realistic temperature curing conditions could have an effect on the 
mechanical properties. Therefore, a series of mechanical testing was carried out with the 
aim to investigate the effect of curing temperature on compressive strength, tensile strength 
and E-modulus. The test series was performed with the concretes ANL Ref. and ANL FA 
+16FA. For both concretes, half of the specimens were cured under 20 oC isothermal 
conditions, while the other half were subjected to a realistic temperature history over the 
first 14 days. All specimens were unmoulded and wrapped with aluminium foil at 14 days, 
and further cured under 20 oC isothermal conditions. The specimens were tested at 28 and 
91 days of maturity. A survey of the test series is presented in Chapter 4.3. The test results 
are presented in Section 7.6.2 – Section 7.6.4, followed by a discussion of the results in 
Section 7.6.5. 

It should be noticed that the two given concretes were not subjected to the same realistic 
temperature history. Each concrete was subjected to its own semi-adiabatic temperature 
history representing a selected section of an 800 mm thick wall as described in Section 7.3. 
However, due to the new and more reactive fly ash cement used in ANL FA +16FA, the 
temperature histories currently used for ANL Ref. and ANL FA +16FA (which were based 
on the previous cement batch) no longer represent the same structural part. Consequently, 
the test results for the two given concretes have mainly been evaluated individually, rather 
than compared. 

During the given test series, the temperature control system was slightly more efficient 
than originally assumed. This caused a 3 % increase in maximum temperature for ANL Ref 
as compared to the temperature history described in Section 7.3. During the given test 
series, the maximum temperature for ANL Ref. was 63.5 oC, while the maximum 
temperature for ANL FA +16FA was 45.0 oC. 

  

7.6.2 Compressive strength 

The results from the compressive strength tests are presented in Table 7.14 and illustrated 
in Figure 7.23 - Figure 7.24. Each result in the table is the average of 3 parallel cubes, 
while the figures show the value for each cube to give an illustration of the concentration 
of the results. A statistical evaluation of each set of parallel cubes shows that the internal 
variation is small. The coefficient of variation (CV) among the various sets lies between 
0.3 % and 1.2 % for the compressive strength. 

When exposed to a realistic temperature history, ANL Ref. showed a 12 % and 9 % 
reduction in compressive strength at 28 and 91 maturity days, respectively. A 
corresponding compressive strength reduction was not seen for the fly ash concrete ANL 
FA +16FA. However, as previously described, the two concretes were subjected to 
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different realistic temperature histories. ANL Ref. produces more hydration heat, and has 
therefore a higher maximum temperature (63.5 oC) during the test than ANL FA +16FA 
(45.0 oC). It is likely that this has influenced the temperature effect on the compressive 
strength for ANL Ref.. 

ANL FA +16FA obtained a higher percentage increase in compressive strength between 28 
and 91 maturity days than ANL Ref. However, for both concretes, the development from 28 
maturity days to 91 maturity days (20 oC isothermal conditions) appears not to be affected 
by the preceding 0-14 days curing temperature, but the early strength reduction effect for 
ANL Ref. remains also after 91 days, as previously discussed. 

Table 7.14; Compressive strength, effects of curing temperature 

Concrete Test age 
[Md]* 

Curing 
conditions 

No of 
spec. 

Mean 
[MPa] 

SD 
[MPa] 

CV 
[%] 

ANL Ref. 

 

28 Isothermal 3 84.0 0.4 0.6 

Realistic temp. 3 74.4 0.9 1.2 

91 Isothermal 3 86.8 0.6 0.7 

Realistic temp. 3 79.0 0.8 1.0 

ANL FA +16FA 28 Isothermal 3 56.9 0.4 0.7 

Realistic temp. 3 59.9 0.2 0.3 

91 Isothermal 3 65.3 0.6 0.9 

Realistic temp. 3 63.9 0.4 0.7 

*) Maturity days 
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Figure 7.23; Curing temperature effects on compressive strength, ANL Ref. 

 

 

Figure 7.24; Curing temperature effects on compressive strength, ANL FA +16FA. 
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7.6.3 Tensile strength 

The results from the direct tensile strength tests are presented in Table 7.15 and illustrated 
in Figure 7.25 - Figure 7.26. As given by the figures and the Coefficient of Variation (CV) 
in Table 7.15, there is a rather pronounced variation within the sets of 2 parallel prisms, 
especially for ANL Ref. at 28 maturity days of isothermal curing. By means of comparison, 
similar tests reported by [Kanstad et al., 2003b] had a CV of 3.9 – 9.2 % in sets consisting 
of 4 parallel prisms. The use of only 2 parallel prisms in the present study represents a 
rather limited selection, and the CV must thus be expected to have some variation. 

The tensile strength results for the reference concrete ANL Ref. are presented in Figure 
7.25. ANL Ref. shows a reduction in tensile strength for both test ages when exposed to a 
realistic temperature history during curing. In addition, the tensile strength for ANL Ref. 
decreases from 28 to 91 days of maturity when subjected to a realistic curing temperature. 
Considering the internal variation (SD), it can be discussed if this temperature effect is 
significant or if it is caused by variations in the test results. However, the reduction in 
tensile strength (0.4 MPa) is higher than the standard deviation (0.2 MPa), indicating that a 
tensile strength reduction between 28 and 91 maturity days may actually be the case. 

Table 7.15; Tensile strength, effects of curing temperature 

Concrete Test age 
[Md]* 

Curing 
conditions 

No of 
spec. 

Mean 
[MPa] 

SD 
[MPa] 

CV 
[%] 

ANL Ref. 

 

28 Isothermal 2 4.7 0.4 9.0 

Realistic temp. 2 4.2 0.2 4.4 

91 Isothermal 2 4.6 0.2 4.3 

Realistic temp. 2 3.8 0.1 1.9 

ANL FA +16FA 28 Isothermal 2 3.2 0.1 3.7 

Realistic temp. 2 3.3 0.3 8.4 

91 Isothermal 2 4.1 0.2 4.9 

Realistic temp. 2 4.0 0.0 1.0 

*) Maturity days 

The tensile strength results for ANL FA +16FA are presented in Figure 7.26. For this 
concrete a negative effect of temperature on the tensile strength cannot be seen. The results 
show that tensile strength for both curing conditions continues to increase after 28 days 
maturity: the tensile strength increase is as high as around 1.0 MPa (approx. 25 %) 
between 28 and 91 maturity days for both temperature conditions. I.e., the fly ash concrete 
keeps developing tensile strength after 28 days of maturity in a much higher degree than 
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ANL Ref.. It is notable that the applied exponential material model (see Section 7.4) is not 
able to express the tensile strength increase beyond 28 days due to its formulation. 

 

Figure 7.25; Curing temperature effects on tensile strength, ANL Ref. 

 

 

Figure 7.26; Curing temperature effects on tensile strength, ANL FA +16FA 
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7.6.4 E-modulus in tension 

The tensile E-modulus test results are presented in Table 7.16 and illustrated in Figure 7.27 
- Figure 7.28. The Coefficient of Variation (CV) is within 2.6 % for all tests, which must 
be regarded as quite satisfactory. Each test set consisted of only two specimens, which is 
rather limited. The E-modulus however generally shows rather low variability.  

The reference concrete ANL Ref. shows a small reduction in E-modulus for both test ages 
when exposed to realistic curing temperatures. For ANL FA +16FA on the other hand, 
realistic curing conditions gives an 11 % increase in the E-modulus at 28 days of maturity. 

Table 7.16; E-modulus - effects of curing temperature 

Concrete Test age 
[Md]* 

Curing 
conditions 

No of 
spec. 

Mean 
[MPa] 

SD 
[MPa] 

CV 
[%] 

ANL Ref. 

 

28 Isothermal 2 32200 640 2.0 

Realistic temp. 2 30500 780 2.6 

91 Isothermal 2 32800 160 0.5 

Realistic temp. 2 31000 490 1.6 

ANL FA +16FA 28 Isothermal 2 27600 600 2.2 

Realistic temp. 2 30600 180 0.6 

91 Isothermal 2 31000 510 1.7 

Realistic temp. 2 30300 50 0.2 
*) Maturity days 

While ANL Ref. shows the same E-modulus development between 28 and 91 maturity days 
for both curing conditions, ANL FA +16FA displays a pronounced difference in E-modulus 
development during the same time-span for isothermal versus realistic curing conditions. 
ANL FA +16FA shows a faster initial E-modulus development for the concrete specimens 
cured under realistic temperature conditions than for the specimens cured under isothermal 
conditions. The specimens cured under realistic temperature conditions seem to have 
reached their final level at 28 hours of maturity. While the specimens cured under 20 oC 
isothermal conditions continues to develop stiffness (E-modulus) after 28 days of maturity, 
this is not the case for the specimens subjected to realistic curing temperatures. At 91 
maturity days, both curing conditions gave the same E-modulus level. Hence, both curing 
conditions obtain similar values for the E-modulus at 91 days, but they seem to follow a 
different path of getting there. The E-modulus model used in Section 7.4 (based on 
isothermal curing temperatures) will neither capture the more rapid E-modulus 
development before 91 maturity days for the concrete when exposed to a realistic 
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temperature history, nor the continuously development of the E-modulus between 28 and 
91 days of maturity for fly ash concrete under 20 oC isothermal curing conditions. 

 

Figure 7.27; Curing-temperature effects on E-modulus in tension, ANL Ref. 

 

 

Figure 7.28; Curing-temperature effects on E-modulus in tension, ANL FA +16 FA 
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7.6.5 Discussion of test results 

As previously described, the two different temperature histories used as realistic 
temperature curing conditions for ANL Ref. and ANL FA +16FA, respectively, no longer 
represent the same structural part. The test results for the two given concretes have 
therefore mainly been evaluated individually, rather than compared. 

The scatter is smaller for the compressive strength- and the E-modulus test results than for 
the direct tensile strength results. The Coefficients of Variation (CVs) are within the range 
0.3 – 1.2 % for the compressive strength results, 0.2 – 2.6 % for the E-modulus results and 
1.0 – 9.0 % for the tensile strength results. However, as previously stated, the number of 
parallel specimens (only 2 at each test age) was limited. In a similar (but more extensive) 
mechanical test series, [Kanstad et al., 2003a], it was also found that the scatter was higher 
for tensile strength test results than for compressive strength. The reported CVs were in the 
range of 3.2 – 9.2 % for the 28-day tensile strength, which is in the same range as for the 
current work. 

For ANL Ref., all tested material parameters (compressive strength, tensile strength and E-
modulus) were found to decrease (in a variable degree) when exposed to realistic 
temperature curing conditions. This trend was however not seen for the fly ash concrete 
ANL FA +16FA, where the compressive strength and tensile strength were found to be 
unaffected and the 28-day E-modulus was found to be increasing under realistic curing 
conditions. However, the absolute property values were always higher for ANL Ref. than 
for ANL FA +16FA, with exception of the 91 day tensile strength value for realistic curing 
conditions as described in Section 7.6.3. 

As described, ANL Ref. showed a decrease in 28- and 91 day compressive strength when 
subjected to the given realistic temperature curing condition. This reduced compressive 
strength in mature age is believed to be caused by a coarser and more continuous pore 
structure induced by a high maximum temperature exposure [Sellevold et al., 1997]. 
Similar results have been found by other researchers, e.g. [Jonasson et al., 2014] (realistic 
temperature histories) and [Munch-Petersen et al., 2014] (isothermal temperature histories 
at different levels). The latter study found that including fly ash in the concrete reduced the 
compressive strength loss effect. In the current work, the compressive strength for ANL FA 
+16FA did not decrease when cured under realistic temperature conditions. This result is 
common and supported by for instance [De Weerdt et al., 2012], who studied the effect of 
curing temperature on the hydration (and compressive strength development) of cement 
paste with: 1) an ordinary Portland cement and 2) composite cements containing limestone 
powder and fly ash. It was found that when raising the (isothermal) curing temperature to 
40 oC, the ordinary Portland cement showed an increased coarse porosity, resulting in a 
reduction of the long-term compressive strength. In the case of the composite cement, this 
increase in coarse porosity with increasing curing temperature was not observed. Instead 
the increased curing temperature enhanced the pozzolanic reaction of the fly ash and an 
increase in long-term compressive strength was observed. It was concluded that higher 
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curing temperatures are detrimental for the long-term compressive strength of ordinary 
Portland cement, but beneficial for the composite cement containing fly ash. However, 
when comparing the test results in the current test series, it should be remembered that 
ANL FA +16FA was exposed to a lower temperature increase during curing than ANL Ref..  

As already stated, the ANL Ref. E-modulus was found to decrease when subjected to the 
given realistic temperature history, while the 28-day E-modulus for ANL FA + 16FA was 
found to increase with as much as 11 %. By way of comparison, a mechanical test series of 
specimens cured under 20 oC isothermal conditions reported by [Bjøntegaard et al., 2003] 
showed that the 28-day E-modulus was decreasing with increasing amount of fly ash, 
while a mechanical test series of specimens cured under realistic temperature conditions 
performed one year later showed that the 28-day E-modulus did not decrease with an 
increasing amount of fly ash [Bjøntegaard, 2004]. This is in line with the current results, 
and as is a mechanical test series reported by [Kim et al., 2002], where it was found that 
while the 28-day E-modulus would increase at higher curing temperatures for fly ash 
concretes, the 28-day E-modulus for concrete without fly ash would decrease.  

The given additional mechanical test series was originally initiated by restrained stress 
experiments in the TSTM System (Chapter 8). The tests in the TSTM System, involving 
incremental E-modulus determination, showed an increase of the E-modulus for fly ash 
concretes when subjected to realistic temperature curing conditions. The main objective of 
the current test series was to investigate this observation. The results from the given 
mechanical test series support the observed 28-day E-moduli increase for fly ash concretes 
cured under realistic temperature conditions in the TSTM. 

While the tensile strength of ANL Ref. is constant, or even decreasing, between 28 and 91 
days of maturity, the fly ash concrete keeps developing tensile strength after 28 days. The 
same trend is found for both compressive strength and E-modulus. Table 7.17 and Table 
7.18 give an overview of the development of mechanical properties between 28 and 91 
days of maturity. Table 7.17, which shows the mechanical property development under 20 
oC isothermal conditions, also includes the mechanical test results for ANL FA +28FA 
(reported in Section 7.4). The mechanical property increase is given both as absolute 
values and as a percentage increase from 28 to 91 days of maturity. Under isothermal 
curing conditions, the compressive strength-, tensile strength- and E-modulus development 
between 28 and 91 days of maturity are clearly found to increase with increasing fly ash 
content.  

Consequently, when exposed to 20 oC isothermal curing conditions, the fly ash concretes 
have a much more pronounced mechanical property development beyond 28 days than the 
reference concrete without fly ash. The model used to describe the material properties 
(Section 7.4) in the current work gives a good fit to the ANL Ref. results. However, for the 
fly ash concretes, the model fails to express the continuing development of properties 
beyond 28 days. For the fly ash concretes, the model combined with the 28-day E-modulus 
would considerably underestimate the 91-day E-modulus. On the other hand, by including 
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the 91-day E-modulus test results in the curve fitting, the model would overestimate the 
28-day E-modulus and underestimate the 91-day E-modulus. Consequently, a new model 
describing the material property development of fly ash concretes should be considered 
established. This has however not been prioritized in the current study due to the 
previously defined scope of work, Chapter 1.  

Table 7.17; Mechanical property increase ( ) between 28 and 91 days, 20 oC 
isothermal curing conditions 

 fc 

[MPa]  
ft 

[MPa]  
Et 

[MPa]  

ANL Ref. 2.8 (3 %) 0  600 (2 %) 

ANL FA +16FA 8.4 (15 %) 0.9 (27 %) 3400 (12 %) 

ANL FA +28FA 15.6 (34 %) 1.0 (32 %) 3500 (14 %) 
 

Table 7.18 presents the mechanical property increase between 28 and 91 days of maturity 
for specimens cured under realistic temperature conditions. There is no longer a clear 
relation between fly ash content and long-term property development. Hence, a material 
model based on 28-day testing of specimens cured under 20 oC isothermal conditions will 
not give an accurate description of the property development for a fly ash concrete exposed 
to realistic curing temperatures, as would be the case for in-situ concrete structures.  

Table 7.18; Mechanical property increase ( ) between 28 and 91 days, realistic 
curing conditions 

 fc 

[MPa]  
ft 

[MPa]  
Et 

[MPa]  

ANL Ref. 4.6 (6 %) -0.4 (-9 %)  500 (2 %) 

ANL FA +16FA 4.0 (7 %) 0.7 (21 %) -300 (-1 %) 
 

Considering the given mechanical test series in retrospect, one set of tests beyond 91 days 
could have been included. This would have given an indication of whether or not the ANL 
FA +16FA tensile strength and the E-modulus had reached an upper level, or if they would 
have continued to develop over time. This is especially relevant with respect to the ANL 
FA +16FA E-modulus under realistic curing conditions, which shows no increase in value 
between 28 and 91 days, and thus seems to already have reached an upper level due to the 
elevated curing temperature. However, the number of test specimens in the current test 
series was limited by the number of available temperature-controlled moulds.   
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7.7 Compressive and tensile creep tests in the TSTM System 

7.7.1 General 

In the current work, the concrete’s time-dependent stress response has been modelled by 
the “Double Power Law” and the principle of linear superposition as described in Section 
3.5. The creep parameters originally used in the current TSTM stress calculations, Table 
7.19, were assumed on the grounds of previous experience with corresponding concretes 
described by [Atrushi, 2003] and [Bjøntegaard et al., 2012]. Due to obtained deviations 
between measured and calculated restrained stress development in the TSTM System, it 
was decided to investigate the validity of the applied creep parameters. Hence, a limited 
series of creep tests were performed for the concretes ANL FA and ANL FA +16FA 
(containing 17 % and 33 % fly ash, respectively, as % by weight of cement + FA-content). 
For each concrete, one compressive and one tensile creep test were carried out. The creep 
test methods and procedures are described in Section 7.7.2 and Section 7.7.3, while the 
results are presented in Section 7.7.4 - Section 7.7.6 and discussed in Section 7.7.7. 

Table 7.19; Originally assumed creep parameters, based on results and 
discussions reported by [Bjøntegaard et al., 2012] 

 0 d p 

ANL Ref. 0.75 0.20 0.21 

ANL FA 0.75 0.20 0.21 

ANL FA +8FA 1.37 0.20 0.21 

ANL FA +16FA 1.37 0.20 0.21 
 

 

7.7.2 Creep tests in the TSTM System 

The creep tests were performed in the TSTM System at a constant temperature of 20 oC. 
All tests were carried out in the following way: 

1. Mixing and casting in the TSTM System; i.e. in the TSTM and the Dilation Rig 
(dummy) as described in Chapter 5. 

2. After casting, the software was programmed to let the TSTM specimen move 
freely, while the load was kept at 0.0 ± 0.02 MPa  

3. At the chosen loading time, a load corresponding to 1.0 MPa compressive or tensile 
stress was applied to the TSTM specimen. Immediately after applying the load, the 
software was programmed to let the TSTM specimen move freely and to keep the 
stresses at 1.0 ± 0.02 MPa 

During all creep tests, the following data were measured: free deformation in the Dilation 
Rig, deformation in the TSTM, stress in the TSTM, and finally the temperature in the 
Dilation Rig, the TSTM and the room. The creep strain was found by subtracting (for creep 
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in compression) or adding (for creep in tension) the free deformation measured in the 
Dilation Rig from the deformation measured in the TSTM. As the applied stress was 1.0 
MPa, the obtained creep strain curves also represent the compliance function J(t,t’). 

In order to maximize the practical relevance of the creep tests, experimentally achieved 
restrained stress curves were used to choose time and magnitude of loading. Hence, a load 
of 1.0 MPa compressive or tensile stress was applied and removed from the concrete 
specimen according to the stress development curve previously obtained from the TSTM 
as illustrated in Figure 7.29. 

 

Figure 7.29; Applied load during TSTM creep tests designed according to the actual restrained 
stress for the given concrete: Creep in compression (left) Creep in tension (right), [Klausen et 
al., 2015] 

It should be noticed that both compressive and tensile loads as well as compressive and 
tensile creep curves are presented with positive values in the following figures. 

 

7.7.3 Creep model 

In the current work, the time-dependent stress response of concrete has been modelled by 
the Double Power Law as described in Section 3.5. For each concrete, the creep test results 
were fitted to the compliance function: 

 
 Equation 7.2 

where t [days] is the concrete age, t’ is the concrete age at which the actual stress was 
applied, Ec(teq’) is the E-modulus at teq’, teq’ is the maturity at t’, and 0, d and p are creep 
model parameters 
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First, the parameter d was determined by using the method of least squares when 
combining both test results (creep in compression and creep in tension). Secondly, the 
parameters 0 and p were found by two different approaches as described in the following: 

- Using the method of least squares for only the given creep test result; i.e. creep in 
compression or creep in tension 

- Using the method of least squares when combining both creep test results; i.e. creep 
in compression and creep in tension  

Consequently, for each concrete three sets of creep parameters were determined: 1) creep 
in compression, 2) creep in tension and 3) creep in tension and compression combined. 

As can be seen from Equation 7.2, the E-modulus is very important when determining the 
creep model parameters. For all performed creep tests, two E-moduli are presented: E0, 
which is the E-modulus found based on mechanical testing (see Section 7.4) and ETSTM, 
which is the E-modulus found directly from the stress/strain relation during loading in the 
TSTM in the given test (see Section 8.5). For all tests, ETSTM was decided used when 
determining the creep model parameters as described above.  

 

7.7.4 Creep test results for ANL FA 

The current section presents the results from the two ANL FA creep tests. Figure 7.30 
shows load and deformations measured in the Dilation Rig and the TSTM during the 
compressive creep test. In this test, a compressive stress of 1.0 MPa (which equals 5 % of 
the compressive strength at the time of loading) was applied at 25 hours. Figure 7.31 
presents load and deformation measured in the Dilation Rig and the TSTM during the 
tensile creep tests, where 1.0 MPa tensile stress was applied at 218 hours. This stress level 
corresponds to 34 % of the tensile strength at the time of loading. For both tests, all strains 
are zeroed at the loading time. The creep curves obtained from the measurements are given 
in Figure 7.32 

The E-modulus used when determining the creep model parameters for ANL FA are 
presented in Table 7.20. Both E-moduli approaches (E and ETSTM) show good agreement 
with respect to the E-modulus development over time. The E-modulus determined directly 
from the TSTM for the given test, ETSTM, was used when estimating the ANL FA creep 
model parameters.  

Table 7.20; Creep tests, E-modulus at loading, ANL FA 

ANL FA 
Time 

[h] 
E  

[MPa] 
ETSTM 

[MPa] 

Creep in compression 25 20250 20400 

Creep in tension 218 28800 28500 
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Figure 7.30; Compressive creep test: measured load and strains, ANL FA 

 

 

Figure 7.31; Tensile creep test: measured load and strains, ANL FA 
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Figure 7.32; Measured and modelled creep strains, ANL FA  

 

Table 7.21 presents the ANL FA creep model parameters determined by the method 
presented in the previous section. The table shows three sets of creep parameters: 1) creep 
in compression 2) creep in tension and 3) creep in compression and tension combined. 
From the results it seems as if creep in compression ( 0 = 0.68) has a somewhat higher 
initial creep than creep in tension ( 0 = 0.63), while creep in tension (p = 0.31) seems to 
have a slightly higher creep development over time than creep in compression (p = 0.26). 
Overall, the three different sets of creep parameters show a considerable resemblance. 

The similarity between the obtained sets of creep parameters is also illustrated in Figure 
7.32, which compares the measured creep results with the Double Power Law creep 
models when using the different sets of obtained creep model parameters. As can be seen 
from the figure, both sets of creep parameters determined individually from each test, as 
well as the creep parameters based on both tests combined, give a very good description of 
the measured creep both in compression and tension. 

Table 7.21; Creep model parameters, ANL FA 

ANL FA 0 d p 

Creep in compression 0.68 0.32 0.26 

Creep in tension 0.63 0.32 0.31 

Combined creep 0.67 0.32 0.28 
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7.7.5 Creep test results for ANL FA +16FA  

The current section presents the results from the ANL FA +16FA creep tests. During the 
first tensile creep test, one of the LVDTs spring supports failed 24 hours after loading. The 
test was therefore repeated and only the test results from the latter test are presented in the 
current section. However, up to the spring support failure the two nominally identical tests 
are very much alike, see Figure 6.26 in Section 6.3.8, strengthening the confidence in the 
results obtained from the given creep tests. Loads and deformations measured in the TSTM 
System during the compressive and tensile ANL FA +16FA creep tests are given in Figure 
7.33 and Figure 7.34, respectively. For the compressive creep test, 1.0 MPa (representing 9 
% of the compressive strength at the time of loading) was applied at 25 hours, while for the 
tensile creep test the load was applied at 218 hours. This stress level corresponds to 38 % 
of the tensile strength at the time of loading. For both tests, all strains are zeroed at the 
loading time. 

 

Figure 7.33; Compressive creep test: measured load and strains, ANL FA +16FA            
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Figure 7.34; Tensile creep test: measured load and strains, ANL FA +16 FA  

The E-moduli used when determining the ANL FA +16FA creep model parameters are 
presented in Table 7.22. The E-modulus found directly from the TSTM in the given creep 
test gives a higher value than the E-modulus estimated from mechanical testing, especially 
for creep in compression at 25 hours. This is probably caused by variation in test results, 
and as for ANL FA, ETSTM was decided used in the current creep parameter estimation. 

Table 7.22; Creep tests, E-modulus at loading, ANL FA +16FA 

ANL FA +16FA 
Time   

[h] 
E   

[MPa] 
ETSTM 

[MPa] 

Creep in compression 25 15850 17700 

Creep in tension 218 25900 26500 
 

Table 7.23 presents the creep model parameters determined from the ANL FA +16FA creep 
test results. The parameters were found by the method presented in Section 7.7.3. The table 
shows three sets of creep parameters: 1) creep in compression, 2) creep in tension and 3) a 
combined set of parameters describing both creep in compression and creep in tension. For 
ANL FA +16FA it seems as if creep in tension ( 0 = 0.53) has a slightly higher initial creep 
than creep in compression ( 0 = 0.48), while creep in compression (p = 0.35) seems to 
have a somewhat higher creep development over time than creep in tension (p = 0.31). 
This is the opposite trend as seen for ANL FA. However, as for ANL FA, the three different 
sets of creep parameters are quite similar. 
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The resemblance between the obtained sets of creep model parameters is illustrated in 
Figure 7.35, which compares the measured creep results with the creep calculated from the 
obtained sets of creep model parameters. As for ANL FA, both sets of creep parameters 
determined individually from each of the creep tests, as well as the set of parameters 
determined based on both creep tests combined, give a very good description of the 
measured creep, both for creep in compression and creep in tension.  

Table 7.23; Creep model parameters, ANL FA +16FA 

ANL FA +16FA 0 d p 

Creep in compression 0.48 0.22 0.35 

Creep in tension 0.53 0.22 0.31 

Combined creep 0.49 0.22 0.33 
 

 

 

Figure 7.35; Measured and modelled creep strains, ANL FA +16FA 

 

7.7.6 Creep recovery 

The ANL FA +16FA compressive creep test was actually run for a longer time than given 
in Figure 7.33. The test was unloaded at 194 hours, and then the load (1.0 MPa) was 
reapplied at 291 hours. The measured load and strain for the entire test, including 
unloading and reloading, is given in Figure 7.36. The E-moduli determined at loading, 
unloading and reloading are given in Table 7.24. As in the previous sections, the E-
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modulus obtained directly from the TSTM for the given creep test, ETSTM, has been used in 
the creep modelling. When using the previously found creep parameters, Table 7.23, a 
significant deviation between measured and calculated creep is obtained from the time of 
unloading at 194 hours, Figure 7.37. Somewhat surprisingly, the best fit between measured 
and modelled creep is achieved when the creep recovery is set to zero. This result indicates 
that for the given concrete and time of loading/unloading, no creep strain is recovered 
when unloading the compressive load. These findings are supported by calculations 
performed in Chapter 8, which shows that the best agreement between restrained stress 
calculations and measured TSTM test results are provided when the creep recovery is set to 
zero. This result is further discussed in Section 7.7.7. 

Table 7.24; Compressive creep test, E-modulus at loading, unloading and 
reloading, ANL FA +16FA 

ANL FA +16FA 
Time    

[h] 
E   

[MPa] 
ETSTM 

[MPa] 

Creep in compression (loading) 25 15850 17700 

Creep recovery (unloading) 194 25650 26000 

Creep in compression (reloading) 289 26500 27300 
 

 

 

Figure 7.36; Compressive creep test including unloading and reloading, measured load 
and strains, ANL FA +16FA 
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Figure 7.37; Measured and modelled creep strains, including creep recovery and 
reloading, ANL FA +16FA 

 

7.7.7 Discussion of TSTM creep test results 

The creep parameters deduced from the current creep tests (ANL FA and ANL FA +16FA) 
are summarized in Table 7.25.  All sets of creep parameters must be considered in 
combination with the E-modulus of the given concrete when evaluating the actual creep 
development. Table 7.25 also shows the creep parameters for the reference concrete ANL 
Ref., which were kept as originally assumed due to the good agreement between TSTM test 
results and corresponding restrained stress calculations. The creep parameters for the two 
remaining concretes, ANL FA +8FA and ANL FA +28FA, were further estimated based on 
the three sets of creep parameters already established and fly ash content.  

The performed creep tests confirm that the fly ash concretes have a quite different 
viscoelastic behaviour than initially assumed. Originally, the creep was assumed to 
increase with an increasing amount of fly ash in the concrete as found by [Ji, 2008] and 
[Bjøntegaard et al., 2012]. The current creep test series shows that the creep is in fact 
increasing with increasing amount of fly ash (Figure 7.38), but not as much as originally 
assumed. For both tensile and compressive creep tests, the increase in creep at 336 hours is 
7.1 % for ANL FA +16FA when compared to ANL FA. With the originally assumed sets of 
creep parameters, the corresponding increase in creep would have been as much as 43 % 
and 67 % for tensile and compressive creep, respectively. The opposite tendency, i.e. a 
decrease in creep with increasing fly ash content, has been found by other researchers, e.g. 
[Kuder et al., 2012] and [Wang et al., 2011]. A comprehensive series of creep tests 
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performed by [Sennour et al., 1989] showed, however, that while one type of fly ash would 
reduce creep, another type of fly ash would slightly increase the creep properties of the 
concrete. 

Table 7.25; Creep parameters used in restrained stress calculations 

 0 d p 

ANL Ref.* 0.75 0.20 0.21 

ANL FA 0.67 0.32 0.28 

ANL FA +8FA** 0.60 0.24 0.31 

ANL FA +16FA 0.49 0.22 0.33 

ANL FA +28FA** 0.30 0.24 0.35 

*) assumed based on previous experience 
**) estimated based on ANL Ref., ANL FA and ANL FA +16FA 

 

 

Figure 7.38; Measured and modelled creep strains, compliance function 

Both [Atrushi, 2003] and [Ji et al., 2012] found that the creep behaviour in compression 
and tension was quite different for early age concretes containing mineral additives: while 
the initial creep and creep rate was higher for creep in compression than for creep in 
tension, the creep rate decreased continuously in time in a higher degree for the 
compressive creep than for the tensile creep. After a while, the compressive and tensile 
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creep curves would cross, leading to a higher tensile creep than compressive creep over 
time. Contradictorily, the results from the current creep test series show very similar creep 
behaviour in both compression and tension. The current compressive and tensile creep tests 
differ from [Atrushi, 2003] and [Ji et al., 2012] (as well as from many of the compressive 
versus tensile creep comparisons found in the literature) by the following conditions:  

- Both compressive and tensile creep tests were performed with the same 
experimental equipment, the TSTM. Hence, all creep tests were performed on 
specimens with exactly the same dimensions and the same curing conditions.  

- For both compressive and tensile creep tests, the test specimens were subjected to 
the same load level, i.e. 1.0 MPa. The time and magnitude of the loading in the 
current creep tests were decided from experimentally achieved restrained stress 
curves from the TSTM. This was done in order to maximize the relevance of the 
obtained creep parameters with respect to the restrained stress calculations of the 
TSTM. Contradictorily, for most of the compressive versus tensile creep 
comparisons found in the literature, a load corresponding to a percentage of the 
compressive cube strength or the uniaxial tensile strength, respectively, have been 
used during testing. 

Due to the similar compressive and tensile creep behaviour found in the current test series, 
it was concluded to use the creep parameters found when combining compressive- and 
tensile creep test results during the final TSTM restrained stress calculations in Chapter 8. 
Comparisons between TSTM test results and corresponding restrained stress calculations 
showed that the creep parameters found from the performed creep tests gave a much better 
description of the creep behaviour of the fly ash concretes than the originally assumed 
parameters, which very much validates the obtained creep test results. The creep 
parameters used in the TSTM restrained stress calculations were found to have a 
considerable effect on the obtained stress curves, underlining the substantial importance of 
correct creep parameters when conducting restrained stress calculations. 

During the ANL FA +16FA compressive creep test, the TSTM specimen was loaded at 25 
hours, unloaded at 194 hours and then reloaded at 289 hours. Quite surprisingly, the result 
indicates no creep recovery when unloading the compressive load. These findings are 
supported by restrained stress calculations performed in Chapter 8, where the calculations 
give better agreement with the TSTM test results when creep recovery is set to zero. 
Although experimental results regarding creep recovery only was obtained for ANL FA 
+16FA, calculations in Chapter 8 indicate that this could be the case for all the fly ash 
concretes used in the current work. Correspondingly, [Staquet et al., 2005] found that 
numerical predictions of creep recovery by the principle of superposition deviated strongly 
from experimental data and that another creep recovery model was called for.  
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7.8 The coefficient of thermal expansion (CTE) 

The coefficient of thermal expansion (CTE) was unfortunately not investigated and 
systematically determined during the current work. Initially, due to the challenging 
verification of the TSTM System, the main attention was given to the stress and 
displacement results. Although the CTE was determined for each test, it was found under 
different test conditions, e.g. concrete age, temperature steps and/or the time-span over 
which they were applied. Finally, far into the TSTM test series, one systematic temperature 
loop for CTE determination was introduced: temperature steps of ±3 oC around an initial 
temperature of 20 oC. However, also when using an identical temperature loop for each 
test, the CTE kept varying from test to test, also for nominally identical concretes. It was 
for instance seen that the tests subjected to winter temperature conditions provided a quite 
different CTE than the corresponding summer tests. 

The main objective of the current work has been the stress calculations. As the total free 
deformation measured in the Dilation Rig was used as input, an accurate value for CTE 
was not considered to be decisive. A correct CTE value was however more important for 
the autogenous deformation (AD) results presented in Chapter 8.2, and a certain inaccuracy 
has been introduced to the deduced AD by the currently applied simplification of a 
constant CTE. This inaccuracy occurs as an early parallel displacement of the AD curve 
(increased contraction), see Chapter 3.2. For each concrete, the CTE was determined as an 
average value based on different tests with varying test conditions. The obtained CTE 
values are presented in Table 7.26, and they have (as previously described) been used for 
deduction of AD-curves as well as for early age stress calculations in Chapter 8.  

Table 7.26; The Coefficient of Thermal Dilation 

Concrete CTE 

ANL Ref. 9.0 

ANL FA 9.1 

ANL FA +8FA 9.0 

ANL FA +16FA 9.2 

ANL FA +28FA 9.4 
 

 

7.9 Model parameters for restrained stress calculations - summary 

The established basis of material parameters used for early age stress analysis is 
summarized in the following. The material parameters are based on the previously 
described models, tests and discussions. The model parameters A and B, describing the 
activation energy, are presented in Table 7.27, while the parameters describing the 
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compressive strength and the start time for stress calculations t0 are given in Table 7.28. 
The determined tensile model parameters are shown in Table 7.29. 

In Section 7.6, the 28-days E-modulus for the fly ash concrete was found to increase when 
subjected to realistic temperature curing conditions. The same trend has been seen for 
realistic temperature tests in the TSTM System. Based on these results, it was decided to 
use the 28-day E-modulus deduced from the TSTM tests for early age stress calculations. 
This was done by increasing the model parameter E28 according to TSTM test results, 
while keeping the other model parameter nE as found in Section 7.4.5. The final E-modulus 
model parameters are given in Table 7.30. 

The creep model parameters and the coefficients of thermal expansion are presented in 
Table 7.31 and Table 7.32, respectively. 

 

Table 7.27; Activation energy model parameters 

Concrete 
A             

[J·mol-1] 
B               

[J·mol-1·K-1] 

ANL Ref.  31482 296 

ANL FA  31487 197 

ANL FA +8FA  32958 273 

ANL FA +16FA  37023 0 

ANL FA +28FA 42000 0 
 

 

Table 7.28; Compressive strength model parameters 

Concrete fc28           

[MPa] 
s t0               

[Maturity hours] 

ANL Ref.  80.3 0.200 8.8 

ANL FA  71.2 0.257 9.5 

ANL FA +8FA  65.7 0.295 11.0 

ANL FA +16FA  53.6 0.356 12.0 

ANL FA +28FA 45.3 0.424 13.0 
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Table 7.29; Tensile strength model parameters 

Concrete 
ft28 nt 

[MPa] 

ANL Ref. 3.86 0.484 

ANL FA 3.55 0.589 

ANL FA +8FA 3.28 0.509 

ANL FA +16FA 3.05 0.486 

ANL FA +28FA  3.02 0.665 
 

 

Table 7.30; E-modulus model parameters 

Concrete 
E28 nE E28 TSTM 

[GPa] [GPa] 

ANL Ref. 32.45 0.348 32.80 

ANL FA 30.55 0.299 31.50 

ANL FA +8FA 27.70 0.233 31.00 

ANL FA +16FA 27.80 0.252 30.50 

ANL FA +28FA  24.88 0.189 29.50 
 

 

Table 7.31; Creep parameters used in restrained stress calculations 

Concrete 0 d p 

ANL Ref.* 0.75 0.20 0.21 

ANL FA 0.67 0.32 0.28 

ANL FA +8FA** 0.60 0.24 0.31 

ANL FA +16FA 0.49 0.22 0.33 

ANL FA +28FA** 0.43 0.24 0.35 

*) assumed based on previous experience 
**) estimated based on ANL Ref., ANL FA and ANL FA +16FA 
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Table 7.32; The coefficient of thermal dilation, CTE 

Concrete CTE 

ANL Ref. 9.0 

ANL FA 9.1 

ANL FA +8FA 9.0 

ANL FA +16FA 9.2 

ANL FA +28FA 9.4 
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8 The TSTM System - test results and restrained stress 
calculations 

8.1 Introduction 

A series of restrained stress tests has been run in the TSTM System. For each test, the 
following results have been obtained: 

- Free deformation in the Dilation Rig,  
i.e. Thermal Dilation (TD) and Autogenous Deformation (AD) 

- Stress development in the TSTM 
- Incremental E-modulus development in the TSTM  
- Final tensile strength and E-modulus at the end of the test in the TSTM 

The tests performed in the TSTM System include various concretes and temperature 
histories, and the following notation has been used to identify the concrete and the 
temperature history in question: 

 “Concrete name (Tinit /Tmax)”  

where Tinit is the initial temperature of the fresh concrete and Tmax is the maximum concrete 
temperature during testing. 

As described in Chapter 4, the given concrete series consists of five concretes with w/b = 
0.40: ANL Ref., ANL FA, ANL FA +8FA, ANL FA +16FA and ANL FA +28FA. The 
concretes have a fly ash content of 0 %, 17 %, 25 %, 33 % and 45 %, respectively, 
achieved by an increasing replacement of cement with fly ash (the fly ash (FA) content is 
given as percentage of the total amount of cement + FA). In addition, all concretes contain 
5 % silica fume (by weight of cement + FA).  

Section 8.2 presents autogenous deformation results deduced from free deformation 
measurements in the Dilation Rig. The autogenous deformation results have been (together 
with material parameters determined in Chapter 7) used as input for the TSTM stress 
calculations described in Section 8.3. Measured and calculated stress developments for all 
performed TSTM tests are presented in Section 8.4. Section 8.5 shows incremental E-
moduli deduced from TSTM tests, as well as the final tensile strength and E-modulus 
obtained at the end of the tests (i.e. when loading until failure).  

 

8.2 Autogenous deformation, Dilation Rig 

8.2.1 General 

For all tests in the TSTM System (both restrained stress tests and pure creep tests), free 
deformation has been measured in the Dilation Rig. The measured free deformation is the 
sum of thermal dilation (TD) and autogenous deformation (AD). AD has been deduced by 
removing TD from the measured total deformation, using coefficients of thermal expansion 



8  The TSTM System – test results and restrained stress calculations 

134 

 

(CTEs) as found in Chapter 7.8. As previously discussed, the current use of a constant CTE 
may introduce an inaccuracy to the deduced AD, see Chapter 3.2. However, under 
isothermal conditions, i.e. for the 20 oC isothermal tests as well as realistic temperature 
tests beyond two weeks, the AD is found directly from the measurements and is thus not 
dependent on the CTE. All AD curves presented in the following start at t0 (i.e. t0 = t0, TSTM 
as described in Section 7.5). 

An overview of all tests performed in the Dilation Rig is given in Table 8.1. As previously 
described, all the realistic temperature tests in the TSTM were performed with individual 
temperature histories representing the given concrete cast in an 800 mm thick wall, see 
Chapter 7.3. It should however be noticed that while the calculated temperature histories 
were based on two different sets of cement batches as described in Table 8.1 and Chapter 
7.3, most TSTM tests were actually performed with the cement batches EG1-10 (reference 
concrete) and TF5-14 (fly ash concretes), see Table 4.7. Section 8.2.2 – Section 8.2.6 
present the deduced AD curves for each concrete, respectively. Comparisons and 
discussions of the obtained AD results are given in Section 8.2.7. 

Table 8.1; Free deformation tests performed in the Dilation Rig, overview  

Isothermal 
20 oC

Realistic temperature conditions 
Summer* Winter* 

Temperature from 
cement batch 

EG1-10/TF3-11* 

Temperature from 
cement batch 

EG1-14/TF5-14* 

Temperature 
from cement 

batch TF5-14*

ANL Ref 3 3 - - 

ANL FA 2 1 2 1 

ANL FA +8FA - 1 - - 

ANL FA +16FA 4 2 1 - 

ANL FA +28FA - - 1 1 

*) The curing temperatures applied during testing are based on heat development from each 
individual concrete mixed with the listed cement batch, the tests were however actually 
performed with cement batch EG1-10 and TF5-14 (see Table 4.7). Summer and winter 
curing conditions are explained in Chapter 7.3. 

 

8.2.2 ANL Ref. 

AD curves for three 20 oC isothermal ANL Ref. tests are given in Figure 8.1. The results 
show very similar behaviour in AD: a rapid contraction between t0 and 12 hours, followed 
by a small period of stagnation between 12 and 20 hours which gradually transits into a 
small contraction over time until the test is ended. 
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AD deduced from three nominally identical tests with realistic temperature conditions 
(ANL Ref. (20/62)) are presented in Figure 8.2. The CTE was set to 9.0·10-6 /oC as found in 
Chapter 7.8. All AD curves show the same rapid contraction up to 24 hours. However, 
while one of the tests continues with a gradual contraction beyond 24 hours, the AD 
development in the two other tests seems to experience a small stagnation. One of the tests 
was ended after 90 hours. For the two tests run longer than 96 hours, it is noticeable that 
AD occurs as an expansion between 96 and 168 hours. A decreased CTE value (smaller 
than 7.0·10-6 /oC) would remove this expansion, however, all CTE test results indicate that 
the CTE for ANL Ref. is 9.0·10-6 /oC (see Chapter 7.8). After 168 hours (beyond which the 
temperature is 20 oC and AD is measured directly), the development of AD stops and the 
AD stays at a constant level for the rest of the test, i.e. for 13 days.  

Figure 8.3 compares AD obtained under 20 oC isothermal conditions with AD obtained 
under realistic temperature conditions. The results show a very different behaviour of AD 
for isothermal tests when compared to the realistic temperature tests. The isothermal tests 
show a slower initial contraction, however, while AD under realistic temperature 
conditions flattens out after a week, the isothermal tests continue to contract gradually and 
eventually surpass the realistic temperature tests. AD versus maturity is given in Figure 
8.4, which clearly shows that the temperature influence on AD could not be compensated 
for by the maturity principle.  

 

Figure 8.1; Measured autogenous deformation, ANL Ref., three nominal identical tests, 
20 oC isothermal conditions 
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Figure 8.2; Measured autogenous deformation, ANL Ref., three nominal identical tests, 
realistic temperature conditions 

 

 

Figure 8.3; Measured autogenous deformation versus time, ANL Ref., all tests 

 



8  The TSTM System – test results and restrained stress calculations 

137 

 

 

Figure 8.4; Measured autogenous deformation versus maturity, ANL Ref., all tests 

 

8.2.3 ANL FA 

AD curves from two nominally identical 20 oC isothermal ANL FA tests are given in 
Figure 8.5. The two AD curves are virtually identical; the lines in the graph appear on top 
of each other and cannot be visually separated. The AD curves show a contraction of 40 
μstrains up to 24 hours, followed by a slow expansion over 10 days which gradually 
changes back into a very slow contraction. At 18 days, the total AD is still only -35 
μstrains. 

Figure 8.6 and Figure 8.7 show AD deduced from the following four ANL FA tests 
subjected to realistic temperature histories:  

- ANL FA (10/43) winter conditions (the temperature history was based on heat  
evolution data from the TF5-14 cement batch) 

- ANL FA (20/59)  summer conditions (temp. based on the TF5-14 cement batch) 
- ANL FA (20/52) summer conditions (temp. based on the TF3-11 cement batch) 
- ANL FA (20/34) summer conditions (but with reduced temperature development  

caused by the temperature control system, see Section 6.4) 

For all tests, the CTE was set to 9.1·10-6 /oC as found in Chapter 7.8. The tests show a rapid 
AD development (contraction) up to 24 hours, which coincides with the heat development 
phase in the concrete. During the next three days, the AD behaviour seems to differ 
between the tests: while AD for ANL FA (20/34) turns into an expansion, the AD curves 
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for the other tests continue to contract. Approximately 5 days after mixing, the AD 
behaviour for all tests flattens out. 

The AD curves for all ANL FA tests are compared in Figure 8.8 (versus time) and in Figure 
8.9 (versus maturity). The figures show that there is a systematic increase in AD 
(contraction) with increasing maximum temperature, with exception of ANL FA (10/43), 
which was the test with the lower fresh concrete temperature (winter conditions). However, 
when looking at the maximum temperature increase, Tmax = Tmax – Tinit, AD (contraction) 
was found to be systematically increasing with increasing Tmax for all tests. After two 
weeks of maturity (336 hours), the AD was: -28, -51, -135, -146 and -181 μstrain, for a 

Tmax of 0, 14, 32, 33 and 39 oC, respectively. This observation is further discussed in 
Section 8.2.7. 

All tests show a fast AD development (contraction) between t0 and 24 hours. Between 24 
hours and 144 hours, the rate of AD development seems to change systematically with 

Tmax. While ANL FA (20/20) and ANL FA (20/34) (the two tests with the lowest Tmax) 
experiences AD as an expansion between 24 and 144 hours, the other tests shows AD as a 
contraction which seems to be increasing with increasing Tmax. Beyond 144 hours, the AD 
development for the three tests with the highest Tmax more or less stops and stay at a 
constant level throughout the tests, while ANL FA (20/20) and ANL FA (20/34) keeps 
developing AD as a contraction, but at a rather limited rate. 

 

Figure 8.5; Measured autogenous deformation, ANL FA, two nominal identical tests, 
20 oC isothermal conditions 
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Figure 8.6; Measured autogenous deformation, ANL FA, realistic temperature tests: 
winter- and summer conditions based on cement TF5-14 heat development 

 

 

Figure 8.7; Measured autogenous deformation, ANL FA (20/34) and ANL FA (20/52), 
realistic temperature tests: summer conditions based on cement batch TF3-11  

 



8  The TSTM System – test results and restrained stress calculations 

140 

 

 

Figure 8.8; Measured autogenous deformation versus time, ANL FA, all tests 

 

 

Figure 8.9; Measured autogenous deformation versus maturity, ANL FA, all tests 
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8.2.4 ANL FA +8FA 

The deduced AD curve representing ANL FA +8FA under realistic temperature conditions 
is given in Figure 8.10. The concrete was subjected to a temperature history based on heat 
development data from the TF3-11 cement batch. A CTE of 9.0·10-6 /oC was used as 
determined in Chapter 7.8. The AD results showed a rapid contraction between t0 and 24 
hours, followed by a slow but continuous contraction until the test was ended after 7 days.  

 

Figure 8.10; Autogenous deformation, ANL FA +8FA, realistic temperature conditions 

 

8.2.5 ANL FA +16FA 

Figure 8.11 shows AD curves deduced from four 20 oC isothermal ANL FA +16FA tests, 
three of which are creep tests. The tests were evaluated numerically in Chapter 6.2.5, and 
showed very good reproducibility with a standard deviation at 48 and 288 hours of only 2.5 
and 2.6 μstrain, respectively. The AD curves show a fast initial contraction, followed by a 
small expansion which gradually changes back into a contraction after approximately 10 
days. A slow but continuous contraction followed until the tests were ended (3-5 weeks).  

AD curves deduced from the following 3 tests subjected to realistic temperature histories 
are presented in Figure 8.12: 

- ANL FA +16FA (20/45)  2 nominally identical tests subjected to summer 
conditions. The temperature history was based on  
heat evolution data from the TF3-11 cement batch  

- ANL FA +16FA (20/50)  summer conditions (temperature based on the TF4-15  
cement batch)  
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The CTE was set to 9.2·10-6 /oC as found in Chapter 7.8. Figure 8.12 shows that the two 
ANL FA +16FA (20/45) tests provide very similar behaviour in AD. All the realistic 
temperature tests show a rapid contraction up to 24 hours, i.e. during the concrete heat 
development phase. However, while ANL FA +16FA (20/45) shows a gradual and constant 
AD contraction development from 24 hours and up to as much as 7 weeks when the test is 
ended, ANL FA +16FA (20/50) continuous with a rather fast increase in AD contraction 
also beyond the heat development phase until the curve flattens out after approx. three 
days. 

AD curves for both isothermal and realistic temperature tests are presented in Figure 8.13 
(versus time) and Figure 8.14 (versus maturity). An increasing maximum temperature 
seems to affect the rate of AD development between 24 and 168 hours. The isothermal 
tests experience an expansion, while the AD for the realistic temperature tests occurs as a 
contraction which is increasing with increasing maximum temperature.  

The AD measured beyond 336 hours (2 weeks) is measured under 20 oC isothermal 
conditions for all tests, and is thus not influenced by the applied CTE. It is noticeable that 
both ANL FA +16FA (20/20) and ANL FA +16FA (20/45) keeps developing AD 
(contraction) at the same constant rate up until the tests are ended at 5 and 7 weeks, 
respectively. 

 

Figure 8.11; Measured autogenous deformation, ANL FA +16FA, four nominally 
identical tests, 20 oC isothermal conditions 
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Figure 8.12; Measured autogenous deformation, ANL FA +16FA, three tests under 
realistic temperature conditions 

 

 

Figure 8.13; Measured autogenous deformation versus time, ANL FA +16FA, all tests 
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Figure 8.14; Measured autogenous deformation versus maturity, ANL FA +16FA, all 
tests 

 

8.2.6 ANL FA +28FA 

Two TSTM tests subjected to realistic temperature histories were performed with 
ANL FA +28FA:  

- ANL FA +28FA (10/26)  winter conditions (temperature history based on the 
TF4-15 cement batch) 

- ANL FA +28FA (20/44)  summer conditions (temperature based on the TF4-15  
cement batch) 

For ANL FA +28FA (20/44), a CTE of 9.4·10-6 /oC was used, see Chapter 7.8. However, 
for ANL FA +28FA (10/26), the unplanned temperature increase and decrease at 336 hours 
gave a CTE of only 7.2·10-6 /oC. It was decided to use the CTE found directly from the 
TSTM test, i.e. CTE = 7.2·10-6 /oC, for ANL FA +28FA (10/26). 

The AD curves are presented in Figure 8.15 (versus time) and Figure 8.16 (versus 
maturity). Both tests show a swift increase in AD (contraction) up to two days. However, 
while ANL FA +28FA (20/44) continues to develop AD (contraction) gradually over time, 
the AD curve representing ANL FA +28FA (10/26) experiences a small expansion before it 
flattens out and stays constant during the rest of the measurement, i.e. for 11 weeks. 
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Figure 8.15; Measured autogenous deformation, ANL FA +28FA, realistic temperature 
conditions representing summer and winter, respectively 

 

 

Figure 8.16; Measured autogenous deformation versus maturity, ANL FA +28FA, 
realistic temperature conditions representing summer and winter, respectively 
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8.2.7 Discussion of autogenous deformation results 

AD curves for ANL Ref., ANL FA and ANL FA +16FA under 20 oC isothermal conditions 
are presented in Figure 8.17. All concretes show a rapid initial AD development 
(contraction) between t0 and 24 hours. However, while AD for ANL Ref. continuous to 
contract at a constant (but somewhat slower) rate also after 24 hours, the AD for the two 
fly ash concretes transits into an expansion. After 8 days of expansive AD development, 
the AD gradually changes back into a small but continuous contraction. ANL FA and 
ANL FA +16FA show very similar behaviour in AD under 20 oC isothermal conditions, but 
they differ considerably from the much more pronounced AD development found for 
ANL Ref. Hence, the two cements ANL and ANL FA seem to induce quite different AD 
under 20 oC isothermal conditions. Further, due to the very similar AD development found 
for the two fly ash concretes, the increasing replacement of cement by fly ash does not 
seem to affect the AD behaviour under 20 oC isothermal conditions. However, it should be 
noticed that this observation is based on AD curves from two fly ash concretes only, and 
could not be said to constitute a general validity.  

 

Figure 8.17; Autogenous deformation, 20 oC isothermal conditions, all tests 

During the realistic temperature tests, each concrete was subjected to its own temperature 
history representing an 800 mm thick wall as described in Section 7.3. Three series of 
realistic temperature histories (differed by surrounding temperature conditions and cement 
batch) were used: Summer I, Summer II and Winter, see Table 8.2. The two summer 
conditions Summer I and Summer II simulate the wall cast with two different batches of 
cement. As described in Chapter 7.4, the change in cement batch did not seem to affect the 
mechanical properties of the concretes, with exception from a small increase in tensile 
strength for ANL Ref. with the new cement batch. Hence, the main differences between the 
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two wall simulations, Summer I and Summer II, are the applied temperature histories (see 
Section 7.3) and the corresponding measured AD.  

Table 8.2; Series of realistic temperature histories used for tests in the TSTM System 

Summer I Summer II Winter 

Temp. from 
Cement batch* 

TF3-11 TF5-14 TF5-14

Tests 

 

 
*) The applied temperature history in the test is based on heat evolution from the listed 
ANL FA cement batch, all fly ash concretes were actually tested with cement batch TF5-14  

Deduced AD curves for Summer I are given in Figure 8.18 (versus time) and Figure 8.19 
(versus maturity), while AD curves for Summer II are presented in Figure 8.20 (versus 
time) and Figure 8.21 (versus maturity). AD curves deduced from the tests performed 
under winter conditions, Winter, are presented in Figure 8.22 (versus time) and Figure 8.23 
(versus maturity). The AD obtained under isothermal conditions (Figure 8.17) appears to 
be fundamentally different from the corresponding AD deduced from realistic temperature 
tests. From this follows that for the current concretes, AD under realistic temperature 
conditions cannot be modelled and predicted based on isothermal test results and the 
maturity principle. Similar conclusions were made by e.g. [Bjøntegaard, 1999] and [Jensen 
et al., 1999]. [Orosz et al., 2014] evaluated two models previously used to describe AD at 
the Luleå University of Technology. One of the models was solely based on the maturity 
principle, while the other model was based on both the maturity principle and a separate 
temperature adjustment factor. The evaluation showed that neither of the models was 
found to give a satisfying description of the AD. Providing AD measurements in the 
laboratory for all occurring temperature histories in a complex concrete structure is 
however impossible. In such cases, the maturity concept could still be useful when 
combined with AD deduced from realistic temperature tests. This would still give a better 
description of the actual AD than when based on isothermal AD test results. For most 
cases, TD is still the most important driving force with respect to early age volume changes 
in concrete structures. 

 

 

 

  



8  The TSTM System – test results and restrained stress calculations 

148 

 

 

Figure 8.18; Autogenous deformation, realistic temperature conditions, Summer I 
(TF3-11 cement), ANL Ref., ANL FA, ANL FA +16FA and ANL FA +28FA 

 

 

Figure 8.19; Autogenous deformation versus maturity, realistic temperature conditions, 
Summer I (TF3-11 cement), ANL Ref., ANL FA, ANL FA +16FA and ANL FA +28FA 
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Figure 8.20; Autogenous deformation, realistic temperature conditions, Summer II 
(TF4-15 cement), ANL Ref., ANL FA, ANL FA +16FA and ANL FA +28FA 

 

 

Figure 8.21; Autogenous deformation versus maturity, realistic temperature conditions, 
Summer II (TF4-15 cement), ANL Ref., ANL FA, ANL FA +16FA and ANL FA +28FA 
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Figure 8.22; Autogenous deformation under realistic temperature conditions, Winter, 
ANL FA +16FA and ANL FA +28FA 

 

 

Figure 8.23; Autogenous deformation versus maturity under realistic temperature 
conditions, Winter, ANL FA +16FA and ANL FA +28FA 
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Analogous to the isothermal tests, ANL Ref. showed a different behaviour in AD when 
compared with the fly ash concretes also for realistic temperature conditions. The fly ash 
concretes showed a systematically decreasing AD (contraction) with increasing FA content 
(i.e. 17 %, 25 %, 33 % and 45 % fly ash as % by weight of cement and fly ash content). It 
could however be discussed whether the AD curves varied with the fly ash content, or 
rather with the maximum temperature increase Tmax which is strongly influenced by the 
given fly ash content. To study the effect of temperature increase on AD, all AD curves 
were compared, see Figure 8.24 (versus time) and Figure 8.25 (versus maturity). The 
figures show that for the fly ash concretes, the total AD (contraction) over the first 336 
hours is systematically increasing with increasing Tmax independently of the fly ash 
content. This systematic relation between AD and Tmax is clearly illustrated in Figure 
8.26, which shows deduced AD at 336 maturity hours versus Tmax. However, beyond 336 
hours, the given AD curves show various behaviour and the relation between AD and 

Tmax is no longer as systematic. For the fly ash concretes, it seems as if the AD 
development could be divided into three phases: 

1) Between t0 and Tmax: the temperature increase phase. During this phase, all tests 
showed an initial rapid increase in AD (contraction). Although no clear 
systematic relation was found, there was a tendency of an increasing initial AD 
(contraction) with increasing Tmax. This initial rapid AD contraction has also 
been seen in other studies, e.g. [Bjøntegaard, 1999], [Lee et al., 2003], [Lura et 
al., 2003] and [Termkhajornkit et al., 2005]. However, as described in Chapter 
3.2, the currently applied simplification of a constant CTE will cause an early 
parallel displacement of the AD curve (increased contraction), and the deduced 
AD curves in this initial phase should therefore not be overinterpreted.  

2) Between Tmax and approx. 336 hours: the cooling phase. During this phase, the 
AD behaviour of the fly ash concretes seems to vary with Tmax. While AD for 
fly ash concretes subjected to a Tmax lower than 20 oC occurs as an expansion, 
the AD for tests with a Tmax higher than 20 oC occurs as a contraction which is 
increasing with increasing Tmax. Contradictorily, the concrete without fly ash, 
ANL Ref. (20/62) experienced an expansive AD despite its high Tmax, an 
observation which was also made by [Bjøntegaard, 1999] on a similar concrete. 

3) Beyond 336 hours: isothermal conditions. During this phase, the concretes 
previously subjected to a Tmax lower than 30 oC kept developing AD 
(contraction) at a rate which tended to decrease with increasing Tmax. For the 
concretes previously subjected to a Tmax higher than 30 oC, a very limited AD 
development was observed beyond 336 hours. For the test subjected to the 
highest Tmax, ANL FA (20/59), a small expansion in AD was seen beyond 336 
hours. The only exception from these general observations was ANL FA +28FA 
(10/26), where no AD development beyond 336 hours was seen although the 
test was subjected to a Tmax lower than 30 oC.  
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Summarized, for the fly ash concretes, the AD development could be divided into three 
phases, where the AD behaviour during each phase varied systematically with Tmax and/or 

Tmax. However, limited by the scope of the current work, to establish a numerical model 
describing the AD development for fly ash concretes has not been prioritized. 

Only a limited amount of AD measurements on fly ash concretes subjected to realistic 
temperature conditions have been found in the literature. A brief summary is given in the 
following. AD measurements reported by [Bjøntegaard et al., 2003] and [Bjøntegaard, 
2004] showed a small decrease in AD at 336 hours with increasing fly ash content, 
however, the currently found rapid initial AD contraction was not seen. AD measurements 
reported by [Ji, 2008] on the other hand, showed no relation between AD and fly ash 
content. [Bjøntegaard et al., 2012] reported a tendency of a small increase in AD 
(contraction) with increasing FA content in the cooling period, which is the opposite as 
found for the current test series. 

[Sennour et al., 1989] measured AD on fly ash concretes under 20 oC isothermal conditions 
and found that partial replacement of cement by fly ash would increase the AD 
(contraction). Contradictorily, both [Lee et al., 2003] and [Bjøntegaard et al., 2012] found 
a clear tendency of decreasing AD (contraction) with increasing fly ash replacement under 
20 oC isothermal conditions. [Termkhajornkit et al., 2005] reported AD measurements on 
concretes with three different types of fly ash, where the specimens were subjected to 
small temperature increases (less than 7 oC) during the concrete heat development phase. 
The AD behaviour was found to vary with the type of fly ash used, and no systematic 
relation between AD and fly ash content was found. Summarized, the contradicting AD 
results found in the literature underline the complex nature of the AD. 

As previously described, it has been observed that AD (contraction) is increasing with 
increasing Tmax. Consequently, the new cement batch TF4-15 causes both an increased 
temperature as well as an increase in AD (contraction) when compared to the originally 
used cement batch TF3-11. The mechanical properties are however similar as discussed 
previously, which in combination with the increased volume changes (both TD and AD) 
makes the new cement batch TF4-15 unfavourable with respect to early age cracking. In 
addition, the observed change in AD development caused by the new cement batch 
illustrates how sensitive the AD development is to the properties and proportioning of the 
concrete components. 

For the wall simulations which were applied the temperature set Summer II, it can be seen 
that ANL FA is subjected to early age volume changes (TD and AD) which are actually 
higher than for ANL Ref. (see Figure 8.27). In combination with the tensile strength (which 
is decreasing with increasing fly ash content) ANL Ref. must be considered a better choice 
than ANL FA with respect to low crack sensitivity for the current case. 
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Figure 8.24; Measured autogenous deformation, effect of temperature increase 
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Figure 8.25; Autogenous deformation versus maturity, effect of temperature increase 
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Figure 8.26; Autogenous deformation at 336 hours maturity versus maximum 
temperature increase for the fly ash concretes, i.e. effect of Tmax on AD  

 

 

Figure 8.27; Measured free deformation and deduced autogenous deformation, ANL FA 
and ANL Ref., realistic temperature tests  
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AD is an important input for early age restrained stress calculations. The performed tests 
show that AD is a complex property which is dependent on both the concrete mix as well 
as on the actual temperature history. For the given tests, the temperature influence on AD 
could not be compensated for by the maturity principle. Hence, for restrained stress 
calculations, it is of major importance to know the AD development under temperature 
conditions which are as close to the actual case as possible. For instance, using a 20 oC 
isothermal AD curve when analysing a massive concrete structure subjected to a semi-
adiabatic temperature history would, at least in a short term perspective, underestimate the 
calculated stress development considerably.  

To further elaborate the temperature effects on AD, the temperature in the test ANL 
FA+28FA (10/26) was increased to 20 oC after 11 weeks with 5 oC isothermal conditions 
and a constant AD, (i.e. no AD development which was probably caused by reduced 
reactivity due to the low temperature). It was found that the temperature increase (+15 oC 
over 12 hours) initiated a revival of the AD development. During the 4 following weeks at 
20 oC, i.e. until the test was ended, an AD development of -10 μstrain per week was 
measured (i.e. 40 μstrain and continuing), Figure 8.28. This rate was the same AD 
development rate as seen for ANL FA +28FA (20/44) under 20 oC isothermal conditions 
(i.e. beyond 2 weeks). This result underlines once again the complex nature of AD. 

 

Figure 8.28; Autogenous deformation, ANL FA +28FA (10/26). Subjected to winter 
conditions and 5 oC isothermal temperatures for 13 weeks, followed by 20 oC isothermal 
temperature conditions for 4 weeks 
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8.3 Measured versus calculated stress in the TSTM 

Calculated stress developments have been compared with restrained stress developments 
measured in the TSTM. Three programs were used for the uniaxial stress calculations: 
TSTM-sim (Excel), CrackTeSt COIN and DIANA, see Chapter 3.7. The applied input 
variables are listed in the following:  

- Free deformation (sum of TD and AD) measured directly in the parallel Dilation 
Rig test, Chapter 8.2 

- The degree of restraint R used during testing in the TSTM: R = 100 % for 
isothermal tests and R = 50 % for realistic temperature tests (i.e. as % of measured 
free deformation), see Chapter 6.3.6 

- The actual temperature histories measured in the TSTM and in the Dilation Rig, 
Chapter 7.3 

- Material parameters determined from parallel mechanical testing, Chapter 7.9 

Figure 8.29 shows measured and calculated stress developments for ANL Ref. (20/62) 
subjected to a realistic temperature history. The stress developments have been calculated 
by the following four approaches: 1) TSTM-sim (Excel), 2) CrackTeSt COIN, 3) DIANA 
with double power law (DIANA DPL) and 4) DIANA with relaxation data (DIANA 
relaxation). The calculated stress curves show very good agreement, both with each other 
and also with the corresponding measured stress. The stress values obtained at 24 and 144 
hours are presented in Table 8.3. All calculation approaches were based on the same 
material parameters for mechanical properties and creep. All calculations provided very 
accurate simulations of the compressive phase, however, the two DIANA calculations gave 
a slightly lower tensile stress development than the other approaches. Summarized, the 
calculation approaches combined with the previously determined material parameters must 
be said to provide a very accurate simulation of the stress development in the TSTM for 
ANL Ref. (20/62). 

A more advanced calculation approach was added for the stress calculations of the fly ash 
concretes. As described in Chapter 3.7.2, the specially designed program run in Excel was 
modified to open for a differentiation between creep in compression, creep recovery and 
creep in tension, and it was termed “TSTM-sim-mod”. The appurtenant sets of creep 
parameters (creep in compression, creep recovery and creep in tension) were determined 
based on dedicated creep tests in the TSTM System as presented in Chapter 7.7. Hence, 
creep in compression and tension were modelled by creep parameters as presented in Table 
7.31, while the creep recovery when unloading the compressive load was set to zero. 

Measured and calculated stress developments during the first two weeks for ANL FA 
+16FA (20/45) subjected to realistic temperature conditions are given in Figure 8.30. 
Measured and calculated stress curves for the whole test (7 weeks) are given in Figure 
8.31. The calculated stress developments were found by the following five approaches: 1) 
TSTM-sim (Excel), 2) TSTM-sim-mod (Excel), 3) CrackTeSt COIN, 4) DIANA DPL and 
5) DIANA relaxation.  
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Figure 8.29; Measured and calculated stress development, ANL Ref. (20/62) 

 

Table 8.3; Measured and calculated stress at 24 hours and 144 hours for ANL Ref. (20/62), 
calculated stress relative to the measured stress is given in parenthesis  

Time Stress [MPa] 

Measured Excel 
CrackTeSt 

COIN 
DIANA    

DPL 
DIANA 

relaxation 

24 hours -1.68  -1.53 (0.91) -1.53 (0.91) -1.48 (0.88) -1.54 (0.92) 

144 hours 3.24  3.17 (0.98) 3.20 (0.99) 2.96 (0.91) 2.89 (0.89) 
 

Measured and calculated stresses at 24, 168 and 1008 hours are presented in Table 8.4. All 
calculation approaches gave a very good description of the compressive phase. The most 
accurate description of the compressive unloading, i.e. between 55 and 85 hours, was 
provided by the modified Excel simulation which calculation routine includes the lack of 
creep recovery found in Section 7.7. For the tensile stress development, i.e. beyond 85 
hours, the most accurate simulation was given by the two Excel approaches. CrackTeSt 
COIN and DIANA on the other hand, underestimate the tensile stress development over 
time. It is noticeable that the concrete continued to develop tensile stress at a constant rate 
beyond the cooling phase and up until the test was ended after 7 weeks. This trend was 
captured by the calculation approaches, except for CrackTeSt COIN which showed a small 
decrease in tensile stress beyond 6 weeks. 
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Figure 8.30; Measured and calculated stress development during the first two weeks, 
ANL FA +16FA (20/45) 

 

 

Figure 8.31; Measured and calculated stress development over 7 weeks, ANL FA +16FA 
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The DIANA DPL stress curve differs slightly between Figure 8.30 and Figure 8.31. This 
deviation was caused by the analysis’ dependence on the defined time span, i.e. 2 weeks 
versus 7 weeks for the two analyses, respectively.   

Table 8.4; Measured versus calculated stress at 24, 168 and 1008 hours for ANL FA +16FA 
(20/45), calculated stress relative to the measured stress is given in parenthesis 

Time Stress [MPa] 

Measured Excel 
Excel 

modified 
CrackTeSt 

COIN 
DIANA    

DPL 
DIANA 

relaxation 

48 hours -0.93 -0.99 (1.06) -0.98 (1.05) -0.99 (1.06) -0.96 (1.03) -0.93 (1.00) 

168 hours 2.10 1.88 (0.89) 2.04 (0.97) 1.86 (0.89) 1.74 (0.83) 1.75 (0.83) 

1008 hours 2.68 2.53 (0.94) 2.82 (1.05) 2.34 (0.87) 2.19 (0.82) 2.13 (0.79) 
 

As a part of the verification of the different calculation approaches, the temperature 
development as well as the equivalent age (maturity) obtained from the various analyses 
were compared, Figure 8.32 and Figure 8.33. It was found that all calculation approaches 
provided exactly the same temperature development and equivalent age (maturity). 

 

Figure 8.32; Obtained temperature history: Excel, CrackTeSt COIN and DIANA. ANL Ref. and 
ANL FA +16FA 

 



8  The TSTM System – test results and restrained stress calculations 

161 

 

 

Figure 8.33; Obtained equivalent age (maturity hours): Excel, CrackTeSt COIN and 
DIANA. ANL Ref. and ANL FA +16FA 

For the given examples, the various calculation approaches gave a good description of the 
measured TSTM stress development. All calculation approaches provided an accurate 
description of the compressive phase, while the two Excel approaches gave a slightly better 
description of the tensile stress development. The TSTM restrained stress curves presented 
in the following section are compared with stress curves calculated by the two calculation 
approaches run in Excel: 1) TSTM-sim and 2) TSTM-sim-mod (i.e. modified with a more 
comprehensive calculation routine with respect to creep). 
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8.4 Restrained stress test results, TSTM 

8.4.1 General 

An overview of the performed tests with various concretes and curing conditions is given 
in Table 8.5. As previously described, all realistic temperature TSTM tests were performed 
with individual temperature histories representing the given concrete cast in an 800 mm 
thick wall, see Chapter 7.3. It should however be noticed that while the calculated 
temperature histories were based on two different sets of cement batches as described in 
Table 8.5 and Chapter 7.3, most TSTM tests were actually performed with the cement 
batches EG1-10 (reference concrete) and TF5-14 (fly ash concretes), see Table 4.7.   

Section 8.4.2 – Section 8.4.6 present the measured restrained stress developments for each 
concrete, respectively. In the following graphs, a cross at the end of the stress curve 
indicates that the given test developed failure in tension during testing. All other tests have 
been ended manually by first unloading the specimen and then reloading it until failure. All 
measured stress curves are compared with corresponding calculated stress curves as 
described in the previous section. Comparisons and discussions of the presented results are 
given in Section 8.4.7. 

Table 8.5; Restrained stress tests in the TSTM, overview. All isothermal tests have been applied a 
degree of restraint of 100 %, and all realistic temperature tests a degree of restraint of 50 %  

Isothermal 
20 oC

Realistic temperature 
Summer* Winter* 

Temp. from 
cement batch 

EG1-10/TF3-11* 

Temp. from 
cement batch 

EG1-14/TF5-14* 

Temp. from 
cement batch 

TF5-14*

ANL Ref 2 3 - - 

ANL FA calculated** 1 2 1 

ANL FA +8FA - 1 calculated** - 

ANL FA +16FA 1 2 1 - 

ANL FA +28FA - - 1 1 

*) The applied temperature history in the test is based on heat evolution data for each 
individual cement batch. However, all fly ash concretes were actually mixed with cement 
batch TF5-14 during testing 

 **) The stress development has only been calculated and not measured  
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8.4.2 ANL Ref. 

Measured stress developments for two nominally identical ANL Ref. (20/20) tests under 20 
oC isothermal conditions are presented in Figure 8.34. Both tests were applied a degree of 
restraint of R = 100 %. The tests were evaluated numerically in Chapter 6.2.5 and show 
very good reproducibility with a standard deviation at 48 and 80 hours of only 0.04 and 
0.15 MPa, respectively. The stress kept developing gradually over time, induced by the AD 
as presented in Section 8.2. 

Figure 8.35 shows measured and calculated stress development (TSTM-sim (Excel), see 
Chapter 8.3) for three nominally identical realistic temperature tests performed with the 
reference concrete, ANL Ref. (20/62). One of the tests was mixed with ANL cement batch 
EG1-10, while EG1-14 was used for the two other tests, however, the realistic temperature 
history was calculated based on heat evolvement data from cement batch EG1-10. All tests 
were applied a degree of restraint of R = 50 %. The measured stress showed very good 
reproducibility with a standard deviation at 48 and 96 hours of only 0.03 and 0.06 MPa, 
respectively, see Chapter 6.2.5. One of the tests developed failure in tension at 160 hours, 
one was unloaded at 100 hours, while one of the tests was ended after only 75 hours due to 
a software error. 

 

Figure 8.34; Measured and calculated (TSTM-sim (Excel)) restrained stress development, 
ANL Ref., two nominally identical tests, 20 oC isothermal conditions, R = 100 % 
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Figure 8.35; Measured and calculated (TSTM-sim (Excel)) restrained stress development, 
ANL Ref., three nominally identical tests, realistic temperature conditions, R = 50 % 

 

8.4.3 ANL FA 

For ANL FA, the following restrained stress tests, all with realistic temperature conditions, 
were performed: 

- ANL FA (20/52)  summer conditions (temp. from TF3-11 cement), Figure 8.36 
- ANL FA (20/59)  two nominally identical tests, summer conditions (temperature 

based on TF5-14 cement), Figure 8.37 
- ANL FA (10/43)  winter conditions (temperature from TF5-14 cem.), Figure 8.38 

All ANL FA realistic temperature tests, Figure 8.36 - Figure 8.38, were applied a degree of 
restraint of R = 50 %. For all realistic temperature histories, the measured stress 
development show good agreement with the calculated stress development, especially for 
the calculation method that differentiate between creep in compression, creep recovery and 
creep in tension, i.e. TSTM-sim-mod. All tests were actually performed with cement batch 
TF5-14. ANL FA (20/52) developed failure in tension after 144 hours, while the other tests 
were ended by a controlled unloading. Two nominally identical tests were performed for 
ANL FA (20/59), confirming the good reproducibility of the TSTM System.  

There was not performed any restrained stress tests for ANL FA under isothermal 
conditions, however, the isothermal stress development was calculated based on AD 
determined from creep tests, Figure 8.39. As expected, the calculations show a very limited 
stress development, directly reflecting the slow AD development found in Section 8.2.3. 
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Figure 8.36; Measured and calculated stress development, ANL FA (20/52), summer 
conditions (based on cement batch TF3-11), R = 50 %, the test developed failure after 
144 hours 

 

 

Figure 8.37; Measured and calculated stress development ANL FA (20/59), two 
nominally identical tests, summer conditions (based on cement batch TF5-14), R = 50 % 
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Figure 8.38; Measured and calculated stress development ANL FA (10/43), winter 
conditions (calculated from cement batch TF5-14), R = 50 % 

 

 

Figure 8.39; Calculated stress development ANL FA (20/20), 20 oC isothermal 
conditions, R = 100 % 
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8.4.4 ANL FA +8FA 

Restrained stress development for ANL FA +8FA (20/49) when exposed to realistic 
temperature conditions is presented in Figure 8.40. The applied temperature history 
represents the wall described in Chapter 7.3 when cast with cement batch TF3-11 (i.e. 
Summer I), the test was however actually performed with cement batch TF5-14. The test 
specimen was applied a degree of restraint of R = 50 %. The measured and calculated 
stress development show good agreement in the compressive phase, however, a small 
deviation appears beyond 80 hours during the tensile stress development. One reason could 
be that the creep parameters for ANL FA +8FA were assumed from creep tests on ANL FA 
and ANL FA +16FA.  The test developed failure in tension after 192 hours. 

ANL FA +8FA (20/54) (i.e. when subjected to the curing condition Summer II) was not 
tested in the TSTM, however, the expected stress development was calculated by using the 
AD obtained from the curing condition Summer I. The calculated stress development for 
ANL FA +8FA (20/54) is presented in Figure 8.41. The calculated stress is probably 
slightly underestimated, as the AD for Summer II is expected to be somewhat higher than 
for Summer I due to the found increase in AD with increasing temperature, Section 8.2.7. 
In addition, the stress calculations for ANL FA +8FA (20/49) indicated that the used creep 
parameters slightly underestimates the stress development in the tensile phase. 

 

Figure 8.40; Measured and calculated stress development, ANL FA +8FA (20/49), 
summer conditions Summer I (i.e. temperature history based on heat evolution data for 
cement batch TF3-11), R = 50 % 
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Figure 8.41; Calculated restrained stress development, ANL FA +8FA (20/54), summer 
conditions Summer II (i.e. temperature history based on heat evolution data for cement 
batch TF5-14), R = 50 % 

 

8.4.5 ANL FA +16FA 

The following restrained stress tests have been carried out for ANL FA +16FA: 

- ANL FA +16FA (20/20)  20 oC isothermal conditions, Figure 8.42 
- ANL FA +16FA (20/45)  two nominally identical tests, realistic temperature 

conditions, Summer I (temperature history based on 
TF3-11 cement), Figure 8.43 and Figure 8.44  

- ANL FA +16FA (20/50)  realistic temperature conditions, Summer II (temp. 
        based on TF5-14 cement), Figure 8.45 

Measured stress development for ANL FA +16FA under 20 oC isothermal conditions and a 
degree of restraint of R = 100 % is presented in Figure 8.42. The results show a very slow 
stress development, which is as expected since there is almost no AD development, 
Section 8.2.5. 

All the realistic temperature tests were applied a degree of restraint of R = 50 %. The two 
nominally identical ANL FA +16FA (20/45) tests show very similar behaviour during the 
compression phase, however, they seem to divert during the tensile stress development. At 
168 hours, the difference in tensile stress between the two tests is 20 %. This deviation 
could be partly explained by a variation in the E-modulus, which from the TSTM was 
found to be approximately 1.5 GPa (i.e. 4.4 %) higher for the test with the highest tensile 
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stress development. In addition, the same test also showed an AD development which was 
approximately 7 μstrain higher (9 % at 168 hours) than for the other test.  

One of the ANL FA +16FA (20/45) tests was run for as much as 7 weeks, Figure 8.44. The 
concrete kept developing stress at a slow but steady rate beyond the 2 first weeks and until 
the test was ended. This was as expected due to the long-term continuous AD development 
found from the parallel Dilation Rig test, see Section 8.2.5. 

All realistic temperature tests were performed with the same cement batch TF5-14, the 
tests were however subjected to two different temperature histories: 1) ANL FA +16FA 
(20/45) based on heat development data from TF3-11, Figure 8.43 and Figure 8.44 and 2) 
ANL FA +16FA (20/50) based on heat development data from TF5-14, Figure 8.45. The 
results show the considerable influence of cement batch on the generated temperature 
history and the corresponding stress development. The stress development for ANL FA 
+16FA (20/50) reaches the tensile strength after approximately 144 hours, while the tensile 
stress obtained from ANL FA +16FA (20/45) is about 30 % lower at the corresponding 
time. The measured stress development show good agreement with the calculated stress 
development for all the realistic temperature tests.  

 

Figure 8.42; Measured and calculated restrained stress development, ANL FA +16FA 
(20/20), 20 oC isothermal conditions, R = 100 % 
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Figure 8.43; Measured and calculated restrained stress development, ANL FA +16FA 
(20/45), two nominally identical tests, summer conditions Summer I (temperature history 
based on cement batch TF3-11), R = 50 % 

 

Figure 8.44; Measured and calculated restrained stress development, ANL FA +16FA 
(20/45), summer conditions Summer I (temperature history from cement batch TF3-11), R 
= 50 %, long-term measurements 
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Figure 8.45; Measured and calculated restrained stress development, ANL FA +16FA 
(20/50), summer conditions Summer II (temperature  from cement batch TF5-14), R = 50 
% 

 

8.4.6 ANL FA +28FA 

Two realistic temperature stress tests were performed with ANL FA +28FA: 

- ANL FA +28FA (20/44)  summer conditions, Summer II (based on TF5-14)  
- ANL FA +28FA (10/26)  winter conditions, Winter (based on TF5-14) 

Both tests were applied a degree of restraint of R = 50 %. The creep parameters used in the 
corresponding stress calculations were assumed based on creep parameters found by 
testing for ANL FA and ANL FA +16FA. 

Figure 8.46 and Figure 8.47 show the stress developments during the first 2 weeks for ANL 
FA +28FA (20/44) and ANL FA +28FA (10/26), respectively. Figure 8.48 shows the stress 
developments for the whole tests, i.e. 7 weeks for ANL FA +28FA (20/44) and 12 weeks 
for ANL FA +28FA (10/26).  

ANL FA +28FA (20/44) gradually developed increasing tensile stress beyond 2 weeks at a 
slow but steady rate until the test was ended. The tensile stress increase was however so 
small, that during the final 5 weeks it could only be seen by the length measurements of the 
TSTM specimen (i.e. the threshold value was not reached). The original Excel calculation 
TSTM-sim (without the enhanced creep routine) gave best agreement with the measured 
stress development. However, this might as well be related to a certain inaccuracy 
introduced by the assumed creep parameters. 
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The test subjected to winter conditions, ANL FA +28FA (10/26), reached a maximum 
tensile stress level after approximately 3 weeks, followed by an insignificant decrease in 
tensile stress over the next 6 weeks (the decrease was so small that the displacement 
threshold value was not reached, hence it was only seen by the displacement measurements 
of the TSTM). Beyond 9 weeks the tensile stress stayed at a constant level up until the test 
was ended after approximately 12 weeks. Due to the low Tmax, ANL FA +28FA (10/26) 
achieved a very limited compressive phase. Therefore, only TSTM-sim (Excel) which is 
without the enhanced creep routine was used in the corresponding stress calculations. As 
seen from Figure 8.48, the calculation approach overestimated the above described tensile 
stress decrease (i.e. relaxation). While the stress calculations indicated a 26 % decrease in 
tensile stress between 3 and 12 weeks, an evaluation of the TSTM length displacement 
indicate a corresponding measured tensile stress decrease of only 3 %. 

The latter described test ANL FA +28FA (10/26) was subjected to an increase and decrease 
in temperature at 336 hours, Figure 8.47. This change in temperature does not seem to have 
had any permanent effect on neither the AD nor the stress development. 

 

 

Figure 8.46; Measured and calculated stress development, ANL FA +28FA (20/44), 
summer conditions Summer II (temperature history based on cement batch TF5-14), R = 
50 % 

 



8  The TSTM System – test results and restrained stress calculations 

173 

 

 

Figure 8.47; Measured and calculated stress development, ANL FA +28FA (10/26), 
winter conditions Winter (temperature history based on cement batch TF5-14), R = 50 % 

 

 

Figure 8.48; Measured and calculated stress development, ANL FA +28FA, summer and 
winter conditions, R = 50 % 
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8.4.7 Restrained stress measurements - comparisons and discussions 

Stress curves from three isothermal TSTM tests: ANL Ref., ANL FA and ANL FA +16FA, 
are compared in Figure 8.49. The corresponding crack indexes, Figure 8.50, were 
calculated from tensile strength development as determined in Chapter 7.4. The stress 
developments for ANL Ref. and ANL FA +16FA were measured in the TSTM, while the 
stress development for ANL FA was calculated based on AD found from creep tests.  

The stress developments presented in Figure 8.49 are a direct reflection of the 
corresponding measured AD presented in Section 8.2 as AD constitutes the stress-inducing 
movement in the concrete under isothermal temperature conditions.  

The fly ash concretes have a higher initial crack index due to the slower development of 
tensile strength, however, because of the much faster AD development found for ANL Ref., 
the crack index for ANL Ref. keeps increasing and surpass the fly ash concretes at 40 hours. 
After two weeks, ANL Ref. has a crack index of 0.45, while the crack indexes for the fly 
ash concretes are close to zero. ANL Ref.’s crack index of 0.45 after 18 days, only induced 
by AD, must be regarded as very significant. 

 

Figure 8.49; Stress development under 20 oC isothermal conditions, ANL Ref., ANL FA 
and ANL FA +16FA 
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Figure 8.50; Crack index under 20 oC isothermal conditions, ANL Ref., ANL FA and ANL 
FA +16FA  

Figure 8.51 compares stress development curves representing the wall described in Chapter 
7.3 cast under temperature conditions Summer I (i.e. the temperature was based on the 
originally used ANL FA cement batch TF3-11, the tests were however cast with TF5-14). 
The corresponding crack indexes are given in Figure 8.52. As found in Chapter 7.3, Tmax is 
decreasing with increasing fly ash content. A reduction in Tmax reduces the concrete 
expansion and hence the initial compressive stress development during the first 1-2 days. 
Further, a decreasing Tmax also decreases the thermal contraction to which the wall is 
subjected during the cooling phase. For the given wall and temperature conditions, both the 
compressive and tensile stresses were decreasing with increasing fly ash content. However, 
the reduced tensile stress development must be considered in combination with the also 
reduced tensile strength, see the crack indexes given in Figure 8.52. Due to the lower 
tensile strength, the crack risk for ANL FA (20/52) and ANL FA +8FA (20/49) surpass ANL 
Ref. (20/62) after 120 and 144 hours, respectively. In addition, ANL FA (20/52) actually 
developed failure in tension at an earlier point in time than ANL Ref. (20/62). 
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Figure 8.51; Stress development under realistic temperature conditions, Summer I 
(cement batch TF3-11), ANL Ref. (20/62), ANL FA (20/52), ANL FA +8FA (20/49) and 
ANL FA +16FA (20/45) 

 

 

Figure 8.52; Crack index under realistic temperature conditions, Summer I (cement batch 
TF3-11), ANL Ref. (20/62), ANL FA (20/52), ANL FA +8FA (20/49) and ANL FA +16FA 
(20/45) 
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The stress development curves representing the wall cast under temperature conditions 
Summer II (i.e. with the cement batch TF5-14) are presented in Figure 8.53, while the 
corresponding crack indexes are given in Figure 8.54. When focusing on the fly ash 
concretes only (which all are based on the same cement ANL FA), both the stress 
developments and crack indexes are clearly reduced with increasing fly ash content.  

When comparing the results obtained for temperature conditions Summer I and Summer II, 
it can be seen that the virtual change of cement batch had a high influence on the crack 
index. I.e. the cement batch actually used during testing, TF5-14, was not changed, 
however the applied temperature histories representing the two different cement batches 
were changed. Figure 8.55 and Figure 8.56 compare the stress developments and crack 
indexes for ANL FA and ANL FA +16FA cast with cement batch TF3-11 and TF5-14 
(Summer I and Summer II, respectively). Thus, replacing the cement batch TF5-14 with 
TF3-11 would reduce the crack index at 96 hours for ANL FA with 37 %. The very same 
reduction in crack index could be achieved by changing the concrete ANL FA to ANL FA 
+16FA (i.e. increasing the total fly ash content from 16 to 33 %). 

 

 

Figure 8.53; Stress development under realistic temperature conditions, Summer II 
(cement batch TF4-15), ANL Ref. (20/62), ANL FA (20/59), ANL FA +16FA (20/50)  and 
ANL FA +28FA (20/44)  
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Figure 8.54; Crack index under realistic temperature conditions, Summer II (cement 
batch TF4-15), ANL Ref. (20/62), ANL FA (20/59), ANL FA +16FA (20/50)  and ANL FA 
+28FA (20/44) 

 

 

Figure 8.55; Stress development under realistic temperature conditions (summer), ANL 
FA and ANL FA +16FA, effect of cement batch: TF3-11 (dotted line) versus TF4-15 
(continuous line) 
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Figure 8.56; Crack index under realistic temperature conditions (summer), ANL FA and 
ANL FA +16FA, effect of cement batch: TF3-11 (dotted line) versus TF4-15 (continuous 
line) 

The stress curves representing the wall cast under winter conditions are presented in Figure 
8.57. Corresponding crack index curves are given in Figure 8.58. The temperature 
development for ANL FA (10/43) was quite high ( Tmax = 33 oC) despite the winter 
conditions. The resulting calculated crack index was correspondingly high; it reached 1.0 
within 8 days. ANL FA +28FA (10/26) on the other hand, had a Tmax as low as 26 oC and 
the test hardly developed any initial compressive stress at all. Also the tensile stress 
development (which started as late as after 5 days) was slow, resulting in a fairly low crack 
index, below 0.5, despite winter conditions and the appurtenant slow property 
development. 

All in all, the restrained stress development is reduced when increasing the fly ash content, 
but this has to be considered in combination with the correspondingly reduced tensile 
strength. For the given case (800 mm wall, summer and winter conditions), replacing 
cement by fly ash would reduce the cracking tendency. The concrete with the highest fly 
ash content, ANL FA +28FA, was found to provide the lowest crack index for both summer 
and winter conditions for the given case. 
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Figure 8.57; Stress development under realistic temperature conditions, Winter (cement 
batch TF4-15), ANL FA (10/43) and ANL FA +28FA (10/26) 

 

 

Figure 8.58; Crack index under realistic temperature conditions, Winter (cement batch 
TF4-15), ANL FA (10/43) and ANL FA +28FA (10/26) 

Some of the TSTM tests were run for several weeks. ANL FA +28FA (10/26), for instance, 
was run for as much as 12 weeks. Neither of these long-time tests experienced any 
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significant decrease in tensile stress over time. On the contrary, the tensile stress for ANL 
FA +28FA (20/44) was actually still increasing after 9 weeks. Long-time AD 
measurements on similar concretes [to be published by NTNU/SINTEF] show that the AD 
(contraction) is still increasing after as much as two years. From this follows that early age 
effects should be considered in combination with other structural and environmental loads 
when it comes to service limit state design after long time. 

 

8.5 E-modulus and tensile strength determined from TSTM tests 

8.5.1 General 

The majority of the performed TSTM tests did not crack during testing. These tests were 
unloaded and thereafter subjected to a controlled loading until the specimens reached 
failure in tension, providing the tensile E-modulus and tensile stress capacities when 
loading until failure. In addition, the incremental E-modulus development during testing 
was determined for all TSTM tests as described in Chapter 6.3.7. The E-moduli and tensile 
strengths of the concrete series were also found by a mechanical test programme, Chapter 
7.4. 

The current section presents the various E-moduli and tensile strengths determined from 
the TSTM tests, and compare them with the material models and appurtenant material 
parameters described in Chapter 7.4. 

 

8.5.2 E-modulus from the TSTM  

The below listed E-moduli for ANL Ref., ANL FA, ANL FA +8FA, ANL FA +16FA and 
ANL FA +28FA are presented in Figure 8.59, Figure 8.60, Figure 8.61, Figure 8.62 and 
Figure 8.63, respectively: 

- E-modulus at the end of the TSTM test, 20 oC isothermal conditions 
- E-modulus at the end of the TSTM test, realistic temperature conditions 
- One incremental E-modulus from the TSTM, 20 oC isothermal conditions 
- One incremental E-modulus from the TSTM, realistic temperature conditions 
- Material model based on results from mechanical testing 
- Material model with E28 assumed from TSTM tests 

Generally, the E-modulus when loading until failure was found to be higher than the 
corresponding incremental E-modulus in the TSTM. This is related to the shape of the E-
modulus - stress relation obtained when loading until failure in tension: the E-modulus 
decreases with increasing stress level. While the E-modulus when loading until failure was 
found from the strain-stress relation between 10 % and 40 % of the tensile strength, the 
incremental E-modulus was found from a corresponding relation over a much smaller 
stress range, see discussion in Chapter 6.3.7. 
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The E-moduli determined from the TSTM tests were generally higher than the 
corresponding values found from mechanical testing, a trend which was found to be 
increasing with increasing amount of fly ash. Hence, the material parameters determined 
from the mechanical test programme were decided adjusted to give a better fit with the 
TSTM E-moduli. This was achieved by using a 28-day E-modulus parameter (E28) based 
on TSTM results, rather than using E28 determined from mechanical testing. The parameter 
E28 estimated from TSTM results was based on tests subjected to both 20 oC isothermal 
and realistic temperature conditions. For the fly ash concretes, the E-moduli was found to 
be higher for specimens subjected to realistic temperature conditions than for 
corresponding isothermal tests. This finding is supported by the mechanical test series 
performed for both isothermal and realistic temperature curing conditions presented in 
Chapter 7.6. Hence, by using an E-modulus found directly from the TSTM test, the 
described temperature effect on the 28-day E-modulus would be included in the material 
model. 

It should be noticed that the test conditions varied between the currently determined E-
moduli: the test specimen in the TSTM was subjected to loading from setting time up until 
the final testing, while the specimens used for mechanical testing were not subjected to 
loading prior to testing. In addition, the E-moduli found from mechanical testing are the 
average of the tensile and the compressive E-moduli, while the TSTM represents the 
tensile E-module only. In Chapter 7.4 it was found that the tensile E-modulus was slightly 
higher than the compressive E-modulus for all concretes and test ages. 

 

Figure 8.59; E-modulus versus maturity, ANL Ref., 20 oC isothermal and realistic 
temperature conditions 
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Figure 8.60; E-modulus versus maturity, ANL FA, 20 oC isothermal and realistic 
temperature conditions 

 

 

Figure 8.61; E-modulus versus maturity, ANL FA +8FA, 20 oC isothermal and realistic 
temperature conditions 
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Figure 8.62; E-modulus versus maturity, ANL FA +16FA, 20 oC isothermal and realistic 
temperature conditions 

 

 

Figure 8.63; E-modulus versus maturity, ANL FA +28FA, 20 oC isothermal and realistic 
temperature conditions 
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As described in Chapter 6.3.7, the TSTM provides an incremental E-modulus development 
(i.e. obtained from incremental loading) over time for the concrete subjected to testing. 
Incremental E-modulus developments obtained for ANL Ref., ANL FA, ANL FA +8FA, 
ANL FA +16FA and ANL FA +28FA are given in Figure 8.64, Figure 8.65, Figure 8.66, 
Figure 8.67 and Figure 8.68, respectively. The E-moduli are plotted versus maturity by a 
logarithmic scale, and all figures also show the modelled E-modulus development based on 
results from mechanical testing as found in Chapter 7.4.  

The measured incremental E-modulus developments show a slightly faster development 
than the corresponding models. This is probably related to temperature effects caused by 
the realistic curing temperature as investigated and discussed in Chapter 7.6. The modified 
model, where a 28-day E-modulus parameter (E28) based on TSTM results is used, gives 
better agreement with the measured development, especially for the fly ash concretes. 
However, there are still some deviations between measured and modelled E-modulus 
development for the ANL Ref. realistic temperature test (which is the test with the highest 
temperature increase during testing).  

Elevated E-moduli values can be seen for all the tests at the time that the TSTM movement 
changes direction from expansion to contraction. These elevated values are most likely 
related to a small slowness/slippage in the TSTM System. 

 

 

Figure 8.64; Incremental E-modulus development in the TSTM, ANL Ref., 20 oC 
isothermal and realistic temperature conditions 
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Figure 8.65; Incremental E-modulus development in the TSTM, ANL FA, realistic 
temperature conditions summer and winter 

 

 

Figure 8.66; Incremental E-modulus development in the TSTM, ANL FA +8FA, realistic 
temperature conditions summer 
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Figure 8.67; Incremental E-modulus development in the TSTM, ANL FA +16FA, realistic 
temperature conditions summer 

 

 

Figure 8.68; Incremental E-modulus development in the TSTM, ANL FA +28FA, realistic 
temperature conditions summer and winter 
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8.5.3 Tensile strength from the TSTM 

Figure 8.69 - Figure 8.73 present tensile strengths obtained from the TSTM for the 
concretes ANL Ref., ANL FA, ANL FA +8FA, ANL FA +16FA and ANL FA +28FA, 
respectively. The TSTM results are compared with the tensile strength model described in 
Chapter 3.4 in combination with model parameters as described in Chapter 7.4.  

It should be noticed that there were some variations in test conditions between the 
mechanical tests and the TSTM tests: the specimens in the TSTM were subjected to 
loading from setting time up until the final testing, while the specimens used for 
mechanical testing were not subjected to any loading prior to testing. In addition, an 
analogous difference exists within the TSTM tests: while some of the tests developed 
failure in tension during testing (i.e. failure caused by sustained loading), the remaining 
tests were first unloaded and then reloaded until failure at a much higher loading rate than 
during testing. [Shkoukani et al., 1991] reported the following: “The tensile strength 
obtained under sustained loading was smaller than under short-time loading” and “If 
short-term strength was determined within a failure time of 10 seconds, the corresponding 
sustained tensile strength was about 70 % of the short-term strength.” The same study also 
reported that the specimens that did not develop failure during sustained loading were 
unloaded and reloaded to failure in a short-term test: “The strength obtained after this 
procedure was significantly higher than the corresponding strength obtained from short-
term tests on virgin specimens.” This hardening mechanism was seen for both concentric 
and eccentric tensile tests, and corresponding behaviour is well known for compression 
[Neville, 1972]. According to these observations, the TSTM tests that developed failure 
during testing should provide a lower tensile strength than the tests that were unloaded and 
reloaded to failure. Considering all TSTM tensile strength values obtained, this tendency 
could actually be seen. However, no clear conclusion quantifying the effect could be made 
as the series of obtained tensile strengths is rather complex, see the discussion of additional 
varying test factors described below. 

The TSTM results show that ANL Ref. exhibits the highest dispersion in tensile strength, 
Figure 8.69. However, the highest ft value (4.4 MPa at 770 maturity hours) was obtained 
from the only test performed with the new cement batch EG1-14, and could thus be 
explained by the increased tensile strength found for EG1-14 when compared with the 
originally used batch EG1-11 [Kjellmark, 2015] (see Chapter 7.4). In addition, this 
particular test was the only realistic temperature test which did not develop failure under 
sustained loading (it was first unloaded and then reloaded to failure at a high loading rate, 
see discussion above). The low average tensile strength found for the realistic temperature 
tests could be explained both by: 1) sustained loading as discussed above and 2) reduction 
in tensile strength caused by curing at high temperatures as this effect is not covered by the 
maturity principle, see Chapter 7.6. The two tensile strengths obtained from isothermal 
TSTM tests give good agreement with the model. 
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TSTM tensile strengths obtained for ANL FA give a good fit with the model, Figure 8.70. 
This is as expected as the ft28 value used in the model was assumed based on TSTM test 
results, see Chapter 7.6.3. For ANL FA +8FA, Figure 8.71, only one tensile strength was 
obtained. This strength gives however very good agreement with the corresponding tensile 
strength model. 

For ANL FA +16FA, the TSTM provided a higher tensile strength than the mechanical test 
series, Figure 8.72. This observation applies for both isothermal and realistic temperature 
conditions in the TSTM. For tensile strengths found from the TSTM beyond 672 maturity 
hours, the deviation could partly be explained by the observation from Section 7.6: The 
given material model is unable to describe the considerable increase in strength beyond 28 
maturity days for the fly ash concretes. This argument could also explain the corresponding 
higher TSTM tensile strength seen for the concrete ANL FA +28FA when compared with 
the model, Figure 8.73. The uniaxial tensile strength tests reported in Chapter 7.6.3 show 
that ANL FA +28FA had a tensile strength of 3.99 MPa at 91 days (2184 hours), which 
corresponds well with the tensile strengths obtained from the TSTM tests. For ANL FA 
+16FA, the TSTM tests were performed with cement batch TF5-14, while the uniaxial 
tensile tests were performed with TF3-11. For ANL FA +28FA on the other hand, the same 
cement batch was used for both TSTM tests and mechanical testing. 

Summarized, the presence of several different test factors complicated the comparison of 
the tensile strengths obtained from the various mechanical tests and TSTM tests: 
1) Differences in testing conditions between mechanical tests and TSTM tests, 2) sustained 
loading versus short-time loading within the TSTM tests, 3) cement batch, 4) temperature 
conditions during curing and 5) the material model used to describe fly ash concretes. 
Allowing for the above listed sources that could cause deviating results, the TSTM tensile 
strength must still be said to give relatively good agreement with the corresponding results 
obtained from direct uniaxial tensile tests. 
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Figure 8.69; TSTM tensile strength versus maturity, ANL Ref., 20 oC isothermal and 
realistic temperature conditions 

 

 

Figure 8.70; TSTM Tensile strength versus maturity, ANL FA, 20 oC isothermal and 
realistic temperature conditions 
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Figure 8.71; TSTM Tensile strength versus maturity, ANL FA +8FA, realistic 
temperature conditions 

 

 

Figure 8.72; TSTM Tensile strength versus maturity, ANL FA +16FA, 20 oC isothermal 
and realistic temperature conditions 
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Figure 8.73; TSTM Tensile strength versus maturity, ANL FA +28FA, realistic 
temperature conditions 
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9 The influence of fly ash content on the various 
properties 

A brief summary of the influence of fly ash content on the various investigated properties 
is given below. The summary is based on results previously presented and discussed in 
Chapter 7 and Chapter 8. Five concretes were included in the given investigation: ANL 
Ref., ANL FA, ANL FA +8FA, ANL FA +16FA and ANL FA +28FA, with a fly ash content 
of 0 %, 17 %, 25 %, 33 % and 45 %, respectively. All concretes were made with 
w/b = 0.40 (kFA = 1.0, ksilica = 2.0) and with the same cement paste volume (292 l/m3). The 
increase in fly ash content was achieved by replacing cement with fly ash, and the fly ash 
content is given as percentage of the total amount of “cement + fly ash”.  

The heat development of each mix was measured in a semi-adiabatic calorimeter and used 
to calculate the temperature development in a defined wall structure. This is the “realistic” 
temperature development applied during testing (AD and TSTM), and it is off course 
different for each concrete mix. 

Heat development: The research confirmed the well-known fact that the concrete heat 
development is systematically decreasing with increasing amount of fly ash. 

Activation energy: The activation energy (with respect to mechanical properties) for 
temperatures above 20 oC, represented by the parameter A, was increasing with increasing 
amount of fly ash. The influence of fly ash on the parameter B was not found to be as 
systematic. However, there was a tendency of a decreasing B value with increasing fly ash 
content. In other words, the hydration rate was increasing with increasing amount of fly 
ash for temperatures above 20 oC, while it was quite similar for all concretes for 
temperatures below 20 oC. 

Compressive strength: The 28-day compressive strength was systematically decreasing 
with increasing fly ash content. The average strength reduction was 0.8 MPa for each 
percentage increase in fly ash. Increasing the fly ash content from 0 % to 45 % caused a 35 
MPa (44 %) decrease in the 28-day compressive strength. However, due to the fly ash 
concretes’ property increase beyond 28 days, the corresponding decrease in the 91-day 
strength was reduced to 26 MPa (30 %).  

Tensile strength: The tensile strength was systematically decreasing with increasing 
amount of fly ash. This trend was seen both for the direct uniaxial strength and for the 
tensile splitting strength. The average tensile strength was reduced with 0.8 MPa (22 %) 
when increasing the fly ash content from 0 % to 45 %. The corresponding decrease in the 
91-day tensile strength was 0.6 MPa (13 %), confirming the enhanced property increase 
beyond 28 days seen for fly ash concretes. 

E-modulus: Both the compressive and the tensile E-modulus were found to decrease with 
increasing fly ash content for all test ages. For the given concretes, the average reduction in 
the 28-day E-modulus was 0.2 GPa for each percentage increase in fly ash content. I.e. 
increasing the fly ash content from 0 % to 45 % caused a 7.6 GPa (23 %) decrease in the 
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28 day E-modulus. The corresponding decrease in the 91-day E-modulus was 4.4 GPa (13 
%). 

Coefficient of thermal expansion: The CTE was not systematically investigated during the 
current test series. However, a tendency of a slight increase in CTE with increasing amount 
of fly ash was seen. 

Creep: For the investigated loading ages, the concrete creep was found to be slightly 
increasing over time with increasing amount of fly ash. This observation applies both for 
creep in compression and creep in tension. 

Autogenous deformation: For 20 oC isothermal curing conditions, the reference concrete 
showed a much more pronounced AD development than the fly ash concretes. When 
looking at the fly ash concretes solely, the fly ash content did not seem to affect the AD 
behaviour. However, this latter observation was based on AD curves from two fly ash 
concretes only, and could therefore not be said to constitute a general validity. For realistic 
temperature conditions, AD (contraction) was systematically decreasing with increasing fly 
ash content. It could however be discussed whether the AD curves varied directly with the 
fly ash content, or rather with the applied maximum temperature increase, i.e. indirectly 
with the fly ash content. 

Stress development: For the investigated wall and temperature conditions, both the 
compressive and tensile stresses were decreasing with increasing fly ash content. However, 
the reduced tensile stress development must be considered in combination with the 
corresponding reduced tensile strength, see “Crack index” below. 

Crack index: For the investigated concretes and structural case (800 mm thick wall, 
summer and winter conditions), an increasing replacement of cement by fly ash was found 
to reduce the cracking tendency.  
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10 Summary, conclusions and further work 

10.1 Summary and conclusions  

The overall aim of the current PhD work was to contribute to an increased basic 
knowledge and understanding of early age concrete material properties (behavior) and also 
to investigate calculation methods to assess the concrete’s structural behavior under 
realistic temperature curing conditions. This aim was approached both experimentally and 
analytically, resulting in an extensive experimental test program which has been performed 
during the current work.  

In the following, the main conclusions are presented in relation to the originally defined 
objectives: 

- Finalize and verify the reconstruction of the TSTM System to provide a more 
advanced management of the experiments and more extensive outcome from each 
test  

During the current study, the TSTM System has been subjected to a reconstruction 
followed by a comprehensive and time-consuming verification and documentation period. 
The TSTM System is now considered operational, providing reliable results and very good 
reproducibility. As a result of the reconstruction, more advanced management of the 
experiments as well as more comprehensive outcome from each test have been achieved, 
e.g. optional degree of restraint and incremental E-modulus development. The TSTM is 
now able to directly simulate the stress development of a given section of a concrete 
structure by applying a representative temperature history and degree of restraint. The 
TSTM can thus be used as the answer for early age stress calculations, allowing for a 
calibration of the chosen calculation approach and appurtenant material parameters.  

- Provide knowledge about the effect of concrete composition and mineral additives, 
exemplified by fly ash content, on strain and stress development and cracking 
sensitivity in concrete structures  

An extensive experimental test program has been performed to investigate the effect of fly 
ash content on the various material properties. The results from the 20 oC isothermal tests 
showed that heat development as well as the compressive strength, tensile strength and E-
modulus were systematically decreasing with increasing fly ash content. The property 
development rate beyond 28 days was found to increase systematically with increasing fly 
ash content. The concretes showed a small increase in creep with increasing fly ash 
content, and it was also found that the reference concrete had a much more pronounced AD 
development than the fly ash concretes under 20 oC isothermal curing conditions. 

When subjected to realistic curing conditions, several of the material properties showed a 
different behaviour. “Realistic curing conditions” means that each concrete was subjected 
to its own semi-adiabatic temperature history representing the average temperature in a 
selected section of an 800 mm thick wall. While the reference concrete was affected by the 
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applied realistic temperature regime with a reduction in compressive strength, tensile 
strength and E-modulus, the investigated fly ash concrete was unaffected or even showed 
an increase in mechanical properties when compared to isothermal conditions. The fly ash 
concrete was for instance found to experience a temperature-induced increase in the 28-day 
E-modulus which was not captured by the maturity principle. As the heat development was 
found to be decreasing with increasing fly ash content, naturally also the concrete’s 
temperature development and thus thermal dilation experienced a corresponding reduction. 
Also the AD (contraction) was decreasing with increasing fly ash content and reduced 
curing temperature, and a systematic relation between AD development and maximum 
temperature increase during curing was found. 

Summarized, the tensile stresses under restrained conditions were found to be decreasing 
with increasing fly ash content. Also when seen in combination with the reduced tensile 
strength, the concrete’s sensitivity to cracking was found to be systematically decreasing 
with increasing fly ash content for the given structural case. Consequently, by using 
laboratory experiments and analytical approaches, the concretes’ sensitivity to cracking 
could be assessed and reduced with the use of mineral additives, which in the current study 
has been exemplified by fly ash content. 

- Check the validity and improve existing material models necessary to assess the 
structural behaviour of early age concrete 

Good agreement was found between early age stress developments calculated with TSTM-
sim (Excel), CrackTeSt COIN and DIANA, respectively. The calculations also gave good 
agreement with the corresponding stress development measured in the TSTM, both for 
isothermal and realistic curing conditions (i.e. both summer- and winter conditions). This 
overall agreement supports the validity and robustness of both the calculation approaches 
and the applied model parameters. It should be noticed that the 28-day E-moduli used in 
the calculations were deduced from the TSTM tests, thus including the found temperature 
effect on the 28-day E-modulus for fly ash concretes. The applied creep parameters on the 
other hand, were deduced from isothermal tests. 

A thorough material parameter database has been established for the investigated 
concretes. This database is about to be included in the program CrackTeSt COIN, making 
the currently established basis for early age stress calculations publicly available. 

The TSTM allowed creep experiments to be carried out both in tension and compression 
under almost identical conditions. These tests gave very similar results, i.e. both 
compressive and tensile creep could be accurately described with the same creep 
parameters. More work will be performed to investigate this unique capability and 
corresponding results further. The obtained results also indicated no creep recovery when 
unloading the compressive load for the given case and load ages. Neglecting this found 
lack of creep recovery in early age stress calculations would cause a small underestimation 
of the tensile stress development over time. Originally, the creep parameters used for the 
early age stress calculations were assumed based on previous experience with similar 
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concretes. Compared with the creep parameters found from the current creep tests, the 
originally assumed values underestimated the tensile stress development of the fly ash 
concretes considerably (around 50 %). This illustrates the significance of a good overview 
of all relevant properties.  

For all investigated concretes, AD obtained under isothermal conditions appears to be 
fundamentally different from the corresponding AD deduced from realistic temperature 
tests. From this follows that AD under realistic temperature conditions cannot be modelled 
and predicted based on isothermal test results and the maturity principle. 

When exposed to 20 oC isothermal curing conditions, the fly ash concretes showed a much 
more pronounced mechanical property development beyond 28 days than the reference 
concrete without fly ash. It was found that the currently used material models failed to 
express this continuing development of properties beyond 28 days for the fly ash concretes. 
However, the above described long-term property development was significantly reduced 
when the specimens were exposed to realistic temperature curing conditions.  

- Final comments 

During the current work, two batches of cement run out and new ones were supplied. Heat 
development tests showed a considerable difference in the cement reactivity between the 
different batches, however, the corresponding change in material properties were 
surprisingly low. The realistic temperature histories calculated for the fly ash concretes 
were naturally found to be highly influenced by the given cement batch. This considerable 
change in curing temperature would further influence the TD and AD, and thus also the 
cracking sensitivity of the given concretes.  

It was found that both mechanical properties and AD were affected by realistic temperature 
curing conditions in a way that could not be correctly adjusted for by using the maturity 
principle. Using isothermal values for AD under realistic conditions would underestimate 
the volume change and thus also the corresponding tensile stress generation. In addition, 
also the isothermal 28-day E-modulus value would underestimate the actual E-modulus 
occurring under realistic conditions and hence the tensile stress development. Both these 
properties should be determined under realistic temperature curing conditions, or at least 
be evaluated and if possible compensated for.  

Several of the long-term TSTM tests continued to develop strain and stress for several 
months after casting, and the results reveal interesting aspects on the very limited or 
lacking ability of concrete to relax tensile stresses in the post-hardening phase. This 
illustrates the importance of long-term measurements when it comes to evaluating the 
concrete’s sensitivity to cracking. 
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10.2 Further work 

The existing material models for compressive strength, tensile strength and E-modulus 
development are not able to describe the enhanced property development beyond 28 days 
found for the fly ash concretes. More experiments are needed, and both long-term values 
(e.g. 91 days) and early age properties should be used to establish a new material model. 
With more AD tests, also an attempt to model AD in fly ash concretes could be carried out 
as a rather clear relation between temperature history and AD development was found 
during the current study. 

During the AD measurements, some of the fly ash concretes were observed to experience a 
swelling in the cooling phase, i.e. between Tmax and 336 hours. The observation was made 
for the fly ash concretes which experienced a temperature increase of less than 20 oC 
during the hardening phase. The reason for this swelling could not be explained, and more 
research should be conducted to investigate this phenomenon further. 

Realistic temperature curing conditions have been found to have a considerable influence 
on the material properties development, as found many times earlier by many researchers. 
Despite this, most laboratory experiments are performed under 20 oC isothermal 
conditions. Further testing on the effect of curing temperature on material properties 
development should be aspired. In addition, the found equality between tensile and 
compressive creep is planned investigated further, e.g. with more tests and with various 
times of loading. 

For several long-term TSTM tests, the tensile stress development in the hardening phase 
was not seen to decrease over time. Consequently, it should be aspired to find measures to 
include early age stress development with other structural and environmental loads when it 
comes to service limit state design after long time. It would also be interesting to perform 
early age stress calculations for a full-scale realistic case to investigate the concretes and 
their sensitivity to cracking in a full-scale and possible more practical approach.  

Finally, the most important future perspective would be to find feasible solutions and 
applications to implement the performed research into both the structural design and 
construction phase, and thus to be able to predict, reduce and if possible also avoid 
cracking of early age concrete. 
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Appendix A: Cement composition 
The cement compositions of the various cement batches used during the current work are 
given in the following: 

EG1-10 (ANL) and TF3-11 (ANL FA) 

EG1-10 (ANL) and TF3-11 (ANL FA) were the originally used cement batches. Their 
compositions are given in Table A.1. These cement batches were used during the semi-
adiabatic calorimetry tests from which the heat developments were determined, and they 
were also used for the test series on mechanical properties under 20 oC isothermal curing 
conditions as presented in Chapter 7.4. In addition, most ANL Ref. TSTM tests were 
performed with EG1-10. 

EG1-14 (ANL) and TF5-14 (ANL FA) 

As EG1-10 and TF3-11 run out, they were replaced with EG1-14 and TF5-14, respectively. 
The cement composition of EG1-14 and TF5-14 are described in Table A.2. The latter 
cement batches were used for additional mechanical tests that investigated the effect of 
curing temperature (Chapter 7.6), the creep tests (Chapter 7.7) and all TSTM tests 
performed with the fly ash concretes (Chapter 8).  

EG1-12 (ANL) and TZ1-12 (ANL FA) 

EG1-12 and TZ1-12 were used at NORCEM when performing compressive strength tests 
for determination of activation energy (with exception from the fly ash concrete ANL FA 
+28FA, where TF5-14 was used). The cement compositions of EG1-12 and TZ1-12 are 
described in Table A.3.  
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Table A.1; Cement analyses for EG1-10 and TF3-11 

 
EG1-10 (ANL) 

CEM I 52,5 LA 

TF3-11 (ANL FA) 

CEM II / A-V 42,5N 

Physical properties   

1-day strength 18.6 MPa 12.1 MPa 

2-day strength 29.7 MPa 21.5 MPa 

7-day strength 46.6 MPa 33.7 MPa 

28-day strength 56.0 MPa - 

Setting time 145 min 195 min 

Fineness 382 m2/kg 370 m2/kg 

+90my 0.5 % 0.07% 

+64 1.7 % 1.34% 

-24 74 % 75.4% 

-30 82.6 % 83.3% 

Specific weight 3160 kg/m3 2980 kg/m3 

Fly ash - 18.7 % 

Loss on ignition (LOI) 2.02 % 1.30 % 

Chemical composition 
  

SO3 3.45 % 2.75 % 

SiO2 19.99 % 27.04 % 

Al2O3 4.76 % 8.68 % 

Fe2O3 3.72 % 4.60 % 

CaO 62.90 % 52.73 % 

MgO 1.99 % 1.94 % 

P2O5 0.13 % 0.25 % 

K2O 0.45 % 0.72 % 

Na2O 0.30 % 0.42 % 

Tot. Alkali (Na2O-ekv) 0.60 % 0.90 % 

Cl- 0.024 % 0.024 % 
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Table A.2; Cement analyses for EG1-14 and TF5-14 

 
EG1-14 (ANL) 

CEM I 52,5 LA 

TF5-14 (ANL FA) 

CEM II/A-V 42,5N 

Physical properties   

1-day strength  20.9 MPa 15.9 MPa 

2-day strength 32.4 MPa 25.5 MPa 

7-day strength 52.5 MPa 40.7 MPa 

28-day strength 64.1 MPa 58.6 MPa 

Setting time 142 min 168 min 

Fineness 421 m2/kg 389 m2/kg 

+90my 0.0 % 0.5 % 

+64 0.6 % 3.3 % 

-24 75 % 67.4 % 

-30 83.8 % 76.3 % 

Specific weight 3160 kg/m3 2980 kg/m3 

Fly ash - 16.6 % 

Loss on ignition (LOI) 2.31 % 1.03 % 

Chemical composition   

SO3 3.40 % 2.71 % 

SiO2 20.35 % 26.70 % 

Al2O3 4.64 % 7.87 % 

Fe2O3 3.51 % 4.53 % 

CaO 62.97 % 53.37 % 

MgO 1.63 % 1.71 % 

P2O5 0.08 % 0.16 % 

K2O 0.43 % 0.70 % 

Na2O 0.32 % 0.43 % 

Tot. Alkali (Na2O-ekv) 0.60 % 0.90 % 

Cl- - 0.024 % 
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Table A.3; Cement analyses for EG1-12 and TZ1-12 

 
EG1-12 (ANL) 

CEM I 52,5 LA 

TZ1-12 (ANL FA) 

CEM II / A-V 42,5N 

Physical properties   

1-day strength 19.8 MPa 16.4 MPa 

2-day strength 32.3 MPa 25.6 MPa 

7-day strength 48.3 MPa 40.2 MPa 

28-day strength 63.2 MPa 56.4 MPa 

Setting time 125 min 150 min 

Fineness 396 m2/kg 404 m2/kg 

+90my 0.0 % 2.3 % 

+64 1.0 % 4.1 % 

-24 74.1 % 71.2 % 

-30 82.6 % 79.3 % 

Specific weight 3160 kg/m3 2980 kg/m3 

Fly ash - 17.8 % 

Loss on ignition (LOI) 2.15 % 1.13 % 

Chemical composition   

SO3 3.25 % 2.57 % 

SiO2 20.61 % 26.57 % 

Al2O3 4.40 % 8.70 % 

Fe2O3 3.53 % 4.42 % 

CaO 63.24 % 53.55 % 

MgO 1.73 % 1.71 % 

P2O5 0.15 % 0.33 % 

K2O 0.45 % 0.64 % 

Na2O 0.32 % 0.33 % 

Tot. Alkali (Na2O-ekv) 0.62 % 0.75 % 

Cl- 0.030 % 0.024 % 
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Appendix B: Tabulated heat development  
Semi-adiabatic calorimeter tests were performed to determine the hydration heat 
evolvement of the concretes for each of the two cement batches ANL and ANL FA. Since 
extra FA was added in three concretes in combination with ANL FA, this multiple testing 
involved all concretes (except the later added ANL FA +28FA). 

A tabulated version of the isothermal heat development when using cement batch EG1-10 
and TF3-11 is given in Table B.1. Corresponding results when using cement batch EG1-14 
and TF5-14 is shown in Table B.2. 
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Table B.1; Resulting heat polygon when using cement batch EG1-10 and TF3-11 

ANL Ref. ANL FA ANL FA +8FA ANL FA +16FA 

[mh] 
[kJ/kg 
cem] [mh] 

[kJ/kg 
cem] [mh] 

[kJ/kg 
cem] [mh] 

[kJ/kg 
cem] 

0.0 0 0.0 0 0.0 0 0.0 0 

4.2 5 5.6 5 8.8 10 8.4 5 

5.9 10 7.6 10 10.5 20 11.5 20 

7.6 20 9.3 20 11.7 30 13.0 30 

9.4 40 10.5 30 12.9 40 14.4 40 

10.8 60 11.6 40 14.1 50 15.8 50 

12.2 80 13.5 60 15.2 60 17.2 60 

13.6 100 15.5 80 17.3 80 19.8 80 

14.9 120 17.3 100 18.5 90 21.4 90 

16.4 140 19.6 120 19.7 100 23.9 100 

18.5 160 23.2 140 23.5 120 27.3 110 

21.5 180 29.2 160 30.2 140 31.7 120 

25.7 200 38.8 180 40.5 160 44.4 140 

32.6 220 52.2 200 55.4 180 62.1 160 

42.7 240 60.3 210 73.6 200 85.3 180 

56.2 260 69.5 220 96.4 220 113.1 200 

74.3 280 91.8 240 134.3 240 149.3 220 

102.8 300 135.0 260 163.3 250 176.2 230 

156.9 320 270.5 278 207.8 260 211.5 240 

287.0 340   298.5 270 262.8 250 
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Table B.2; Resulting heat polygon when using cement batch EG1-14 and TF5-14 

ANL Ref. ANL FA ANL FA +8FA 
ANL FA 
+16FA 

ANL FA 
+28FA 

[mh] 
[kJ/kg 
cem] [mh] 

[kJ/kg 
cem] [mh] 

[kJ/kg 
cem] [mh] 

[kJ/kg 
cem] [mh] 

[kJ/kg 
cem] 

0.0 0 0.0 0 0.0 0 0.0 0 0.0 0 

4.5 5 1.8 5 4.5 5 3.3 5 5.6 5 

5.7 10 5.2 10 6.4 10 5.7 10 7.0 10 

7.0 20 7.0 20 8.1 20 7.5 20 8.6 20 

8.8 40 9.0 40 10.2 40 9.9 40 11.5 40 

10.1 60 10.5 60 12.0 60 12.0 60 14.2 60 

11.5 80 12.1 80 13.7 80 14.1 80 16.8 80 

12.9 100 13.5 100 15.3 100 16.1 100 21.4 100 

14.5 120 14.9 120 17.3 120 19.3 120 30.1 120 

16.1 140 16.7 140 20.6 140 24.8 140 42.9 140 

18.0 160 19.4 160 25.4 160 33.2 160 62.0 160 

20.4 180 23.3 180 32.4 180 45.0 180 86.9 180 

23.8 200 29.0 200 42.1 200 61.2 200 114.9 200 

28.8 220 37.2 220 54.2 220 79.5 220 162.6 220 

36.7 240 47.9 240 68.7 240 106.1 240 207.1 230 

47.2 260 60.2 260 89.8 260 130.3 250 264.1 238 

71.7 290 97.9 290 108.6 270 168.0 260 327.0 243 

103.0 305 210.4 310 139.6 280 195.5 265   

145.3 312 306.5 315 192.6 290 261.2 272   

213.8 316   253.8 296 487.9 282   
 

 

 

 

 



Appendix B: Tabulated heat development 

  

 

 

 

 



Appendix C: Compressive strength results (NORCEM) 

  

 

 

Appendix C: Compressive strength results (NORCEM) 
For all concretes, NORCEM performed compressive strength tests over time on cubes 
stored under isothermal conditions at 5 oC, 20 oC and 35 oC, respectively. The four 
concretes ANL Ref., ANL FA, ANL FA +8FA and ANL FA +16FA were tested in 2013, 
while the later added concrete ANL FA +28FA was tested in 2015 with a different batch of 
ANL FA cement. The compressive test results for ANL Ref., ANL FA, ANL FA +8FA and 
ANL FA +16FA are given in Table C.1, Table C.2, Table C.3 and Table C.4, respectively. 

 

 

 

 

 

 

 

 

 

 

 

 



Appendix C: Compressive strength results (NORCEM) 

  

 

Table C.1; Cement analyses for EG1-14 and TF5-14 

ANL Ref. 

5 °C 20 °C 35 °C 

Age [d] [MPa] Age [d] [MPa] Age [d] [MPa] 

1 3.7 0.5 6.3 0.25 6.3 

1.5 10.4 0.67 11.1 0.33 13 

2 18.9 1 25.2 0.5 26.4 

3 32.1 2 41 0.67 32.2 

4 41.2 3 52.2 1 40.2 

5 48.6 7 65.1 2 50.3 

7 56.8 28 84.8 4 61.7 

28 70.7 90 89.4 28 72.3 

  364 92.9   
 

 

Table C.2; Cement analyses for EG1-14 and TF5-14 

ANL FA 

5 °C 20 °C 35 °C 

Age [d] [MPa] Age [d] [MPa] Age [d] [MPa] 

1 4.4 0.5 6.6 0.25 7.2 

1.5 12 0.67 14.9 0.33 15.4 

2 18.3 1 23.6 0.5 21.2 

4 34.8 2 36.6 0.67 25.5 

5 36.5 3 43.1 1 32.6 

7 48.1 7 51 2 42.3 

28 66.7 28 79.3 4 56.1 

  90 94.2 28 81.4 

  364 98.2   
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Table C.3; Cement analyses for EG1-14 and TF5-14 

ANL FA +8FA 

5 °C 20 °C 35 °C 

Age [d] [MPa] Age [d] [MPa] Age [d] [MPa] 

1 2.9 0.5 5.6 0.25 4.2 

1.5 9 0.67 12.5 0.33 12.8 

2 14.5 1 20.3 0.5 19.8 

3 21.6 2 32.3 0.67 24.7 

4 29.3 3 38.5 1 29.6 

5 35.2 7 49.6 2 38.3 

7 38.7 28 78.9 4 55.2 

28 61.3 90 95.6 28 80.3 

  364 100.3   
 

 

Table C.4; Cement analyses for EG1-14 and TF5-14 

ANL FA +16FA 

5 °C 20 °C 35 °C 

Age [d] [MPa] Age [d] [MPa] Age [d] [MPa] 

1 2.1 0.5 3.8 0.25 3 

1.5 7 0.67 7.6 0.33 8.8 

2 10.8 1 15.5 0.5 15.7 

3 18.3 2 25 0.67 18.7 

4 21.7 3 30.7 1 23 

5 26.7 7 40.4 2 32.6 

7 31.9 28 66.9 4 46 

28 47.7 90 83 28 77.4 

  364 94.1   
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