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Preface 
 
 
This study has been carried out within COIN - Concrete Innovation Centre - one of presently 14 
Centres for Research based Innovation (CRI), which is an initiative by the Research Council of 
Norway. The main objective for the CRIs is to enhance the capability of the business sector to 
innovate by focusing on long-term research based on forging close alliances between research-
intensive enterprises and prominent research groups. 
 
The vision of COIN is creation of more attractive concrete buildings and constructions. 
Attractiveness implies aesthetics, functionality, sustainability, energy efficiency, indoor climate, 
industrialized construction, improved work environment, and cost efficiency during the whole 
service life. The primary goal is to fulfil this vision by bringing the development a major leap 
forward by more fundamental understanding of the mechanisms in order to develop advanced 
materials, efficient construction techniques and new design concepts combined with more 
environmentally friendly material production.  
 
The corporate partners are leading multinational companies in the cement and building industry 
and the aim of COIN is to increase their value creation and strengthen their research activities in 
Norway. Our over-all ambition is to establish COIN as the display window for concrete innovation 
in Europe. 
 
About 25 researchers from SINTEF (host), the Norwegian University of Science and Technology - 
NTNU (research partner) and industry partners, 15 - 20 PhD-students, 5 - 10 MSc-students every 
year and a number of international guest researchers, work on presently 5 projects: 
 
• Advanced cementing materials and admixtures 
• Improved construction techniques 
• Innovative construction concepts 
• Operational service life design 
• Energy efficiency and comfort of concrete structures 
 
COIN has presently a budget of NOK 200 mill over 8 years (from 2007), and is financed by the 
Research Council of Norway (approx. 40 %), industrial partners (approx 45 %) and by SINTEF 
Building and Infrastructure and NTNU (in all approx 15 %). 
 
For more information, see www.coinweb.no 
 
 
 
 
 

 
 

Tor Arne Hammer 
Centre Manager 
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Summary 
 
 
Temperature- and stress simulation programs are used to calculate the cracking tendency of 
hardening concrete structures. If cracking is likely to occur, the simulations can be used to find the 
necessary countermeasures to avoid cracking. The subject area is often denoted stress-based curing 
technology, or advanced curing technology. The “technology” can also be used in the production 
planning with regard to for more traditional curing technology considerations, such as how to avoid 
freezing of fresh concrete, determination of temperature gradients, earliest time of form removal, 
earliest time of post-tensioning, etc. 
 
The report is an introduction to the understanding of advanced curing technology. The governing 
properties and mechanisms behind stress development and cracking tendency of hardening 
concrete structures are dealt with, and illustrated by experimental examples. 
 
Propositions on how to approach simulations with experiments and data implementation are 
presented, showing materials models and strategies that reflects Norwegian traditions. The 
presented approaches should however have rather general validity since the choice of a given 
materials model is often of secondary importance as long as good experimental data is available. 
Simplified calculation methods are presented to illustrate the interplay between the different 
concrete properties. Simulation programs based on the finite-elements method are discussed 
briefly. The main scope here is to give a basis for the understanding of such programs. 
 
The content is based on experience and knowledge from various national and international projects 
(with Norwegian participation) during the last two decades, in addition to a more general literature 
study. 
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1 Introduction 
 
Concrete is a strong, robust construction material and it is one of the most used building materials 
to day on a worldwide basis. Reinforced concrete has many favourable properties as a building 
material: structural properties, durability, fire-resistance, energy-carrying capacity (indoor climate), 
forming properties and aesthetics. It has also a competitive price and it often involves local 
suppliers.  
 
The volume instability of concrete is however an unfavourable “property”, and the volume 
instability is particularly active during the hardening phase. This may cause cracks where water 
(and frost) and aggressive ions may penetrate, leading to functionality-, durability- and esthetical 
problems. In addition, hardening phase cracking often sadly cause costly repair of newly built 
concrete structures. And, not infrequently, cracking is a source of dispute in building projects. 
Figure 1 shows two illustrative pictures of through-cracks in walls that have developed during the 
hardening phase. 
 
The volume instability and cracking tendency is magnified in massive structures built with high 
concrete qualities (low w/b-ratios, high cement contents), and it is caused by temperature- and 
autogenous shrinkage effects. This type of cracking is often denoted “thermal cracking”. The effect 
of drying shrinkage is normally not considered in this context, since the concrete is often covered 
by formwork etc and the fact that drying shrinkage is a surface effect with minor significance in 
massive concrete structures. 
 
The main focus here is on the materials behaviour resulting in stresses in hardening concrete 
structures due to external restraint from adjoining structural parts (due to casting joints). When 
cracking occur the result of external restraint is often large “through-cracks”, with variable width, 
which go through the entire thickness of the structure. Smaller cracks may be clogged over time 
due to “self-healing” mechanisms (for instance due to precipitation of calcite), while wider cracks 
may represent a permanent problem.  
 
Pre-calculations of stresses for hardening concrete structures are performed to minimize/avoid 
cracking in the sense that they state the required mix design or countermeasures on-site (or the 
combination of the two) to achieve this for relevant field conditions. Prior to calculations the 
relevant (transient) concrete properties must be measured and expressed by the models that are 
used by the given simulation program. 
 
The report intends to give a basic understanding of hardening phase cracking tendency of concrete 
(commonly denoted “thermal cracking”). The report gives the state-of-the-art understanding of the 
basic mechanisms and their interplay. Experimental examples are given. The principles of 
structural behaviour are discussed as well as the main principles of “modern curing technology”, 
i.e. stress calculations and crack risk evaluation. A historical review of the subject area is given 
first. 
 
The emphasis is on the understanding of the topic and not particularly on the influence of mix 
design and part materials. Plastic shrinkage cracking in fresh concrete is a different, though 
related, area which is not dealt with either. 
 
The appendices of the report (articles, papers) are given as an orientation/taste of Norwegian work 
and projects (from mid 1990’s) with Norwegian participation. The last appendix is a list of reports 
from the large European project IPACS (1997-2001), also with Norwegian participation. All to 
make possible an easy start of own literature studies on the topic. 
 
Literature references are generally given in brackets [ ], but in the literature review in Chapter 2 
references are also specified with author’s name and publication year.
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(a) 
 
 

 
(b) 
 

Figure 1 Examples of through-cracking in walls due to external restraint. Note that Figure (a) shows 
two restraint cases; first the main wall was cast on the base, then the shorter top wall was cast on the 
main wall; both situations gave through-cracking in this case.  

Photos: Steinar Helland, Skanska Norge AS 
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2 Curing technology - historical review 
 
 
The following literature review was carried out to set the present state of knowledge in a historical 
perspective. The gradually increasing understanding of the “driving forces” to cracking and the 
simultaneous structural behaviour, as well as “crack control” may serve as keywords. The scope 
has been to present central milestones from the international scene, as well as in Norway and 
within the Nordic countries. 
 

2.1 Dams 

Challenges with regard to cracking of hardening concrete structures caused by hydration heat have 
been recognized for a long time; probably as long as the “history of concrete”. During building of 
massive dams this was particularly noticed in the early days. The building of dams in Norway 
started around 1900. The state of a large number of these dams was evaluated by the Norwegian 
Engineering Association (Den Norske Ingeniørforening) in 1930 [1]. Here drying shrinkage and 
internal temperature differences were judged to be some of several harmful mechanisms (frost was 
naturally also one of them) in the way that surface cracks were formed, representing openings for 
water. Reportedly, some “internal shrinkage cracks” was also observed, but no explanation on the 
mechanism behind was given.  
 
With regard to strategies for limitation of thermal cracking, an embedded cooling pipe system was 
introduced during the construction of the Hoover (Boulder) Dam (between Arizona and Nevada) in 
the early 1930ies [3]. In addition the dam was built in a sequential manner to allow more heat to 
escape during building, as well as with contraction joints. The dam is 220 m high and 379 m long, 
the bottom thickness is 200 m and the top thickness 15 m, totally 3.3 million m3 concrete was used 
[4], see Figure 2. 
 

 
Figure 2 Hoover Dam from the air [4] 
 
It appears that the main motive for using cooling pipes was to lower the maximum temperatures 
and to shorten the entire cooling period, and in this way to shorten the period with possible harmful 
temperature differences. In the Hoover Dam more than 900 km of cooling pipes were used, and, for 
long-term monitoring, around 400 thermometers were embedded. Blanks et al. [2] reported in 1938 
that most US dams built up till then developed cracking to a smaller or larger extent, but claimed 
that the cooling pipe system in the Hoover dam contributed positively to reduce the extent of 
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cracking. However, in an examination of data from the Hoover dam by Abrams [3], 12 years after 
the construction, it was concluded that: “The low-heat-cement-embedded-pipe-system was 
ineffective (…) and accomplished neither what it was designed for nor what has since been 
claimed”. We do not pursue that discussion here, but merely note that the curing technology was 
maybe not mature from the beginning; which then perhaps should not be a surprise for a virgin 
technology applied in an enormous building project.  
 
The main concern in those days was the temperature differences (i.e. internal restraint) occurring in 
massive concrete structures and the cracking resulting from it [3][5][6][7], but awareness of 
external restraint and the complex nature of the cracking problem was growing. Common 
countermeasures were use of low-heat cements and contraction joints. Estimations of temperature 
development were possible with the use of analytical or graphic solutions of the fundamental 
differential equations of heat transfer [7][8].  
 

2.2 External restraint and stress-measurements 

The fact that hardening concrete structures are subjected to external restraint -from the base or from 
adjoining structures- was also recognized in the 1930ies [5][9][10][11]. For both massive structures 
and medium massive structures there was a growing understanding that this type of restraint could 
produce “through-cracks”. Similarly, drying shrinkage was considered less important for such 
cracking, since it is a surface effect. Simplified restraint stress calculations assuming full (100%) 
restraint was performed. And, there was a belief that reinforcement could be used for crack-width 
control, but not to influence the probability of cracks.  
 
Laboratory tests on 100% restraint specimens subjected to site-realistic temperature histories were 
reportedly performed in the US as early as in 1937 by Davis et al. [10]. From the results achieved 
by Davis et al. in Figure 3, and parallel tests, it was concluded that the stress on heating was around 
half (50%) of what could be expected from the concrete’s E-modulus and that this was due to creep 
(or “plastic flow” as denoted by the authors). On cooling the creep effect was found to be around 
30%. These are numbers that are quite in line with figures of today. As we see from Figure 3, the 
specimen failed in tension during cooling. Unfortunately, the authors did not provide a sketch of 
the experimental set-up. However, already the year after, Blanks et al. (1938) [2] reported results 
from similar tests where they also showed the equipment. Cast concrete cylinders equipped with an 
embedded strain meter were put in a frame, as shown in Figure 4, and the set-up was placed in a 
temperature-controlled room following a temperature cycle relevant for dams. The length change 
of the cylinder was balanced manually by applying a gradually load. One frame was used for the 
compression period and another for the later tension period. The test cylinder was moved from the 
first to the second frame during the test. 
 
The same year (1938) Carlson [5] stated that: “The computation of stresses due to complete 
restraint is merely an economical method of extending test results. It would be better to measure in 
the laboratory the actual stress required to maintain a specimen at constant length while it is 
subjected to the temperature changes in question”. In those days it was acknowledged that 
structures are in fact subjected to less than 100% restraint, but they were not able to quantify the 
restraint.  
 
The early stress-measurements from the 1930ties discussed above must then be considered to be 
the forerunner of the much later and more well-known developments in München, Germany, on 
restraint concrete beams subjected to site-realistic temperature histories: The “Cracking Frame” 
(high, but unknown restraint, insulated specimen) made in 1971 by Springenschmid et al. [12][13] 
(see Figure 5), and the improved “Temperature-Stress Testing Machine (TSTM)” by 
Springenschmid et al. in 1984 [16][17] which was temperature- and deformation-controlled giving 
100% restraint conditions (see Figure 7). In the following years, until the present, dozens of 
TSTMs have been made worldwide. It is notable that deformation-controlled restraint stress set-ups 
were developed already in the 1970ies by both Orr et al. in 1971 [14] and by Paillére et al. in 1976 
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[15] (see Figure 6), but these rigs were primarily designed to study the effect of drying shrinkage 
on cement paste and mortar specimens, and not to study the effects of temperature. For more on 
stress-measurements in hardening concrete, see review by Mangold (1994) [18].  
 

 

Figure 3 Stress required maintaining a constant length – mass cured concrete. Davis et al. 1937[10] 

 
 
 

 

Figure 4 Equipment designed to measure restraint stress in dam-concretes. Left: compressive rig for 
the first (heating) period with compressive stresses. Right: tension rig for the later (cooling) period 
with tensile stresses. Blanks et al. [2], 1938. 
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Figure 5 “The Cracking frame”, 1969: Concrete beam restraint from a stiff frame, to study 
thermal cracking. Around 80% restraint. Springenschmid [12][13] 
 

 
Figure 6 “Linear test bench”, 1976: 
Cement paste and mortar beam, to 
study drying shrinkage cracking. 100% 
restraint, air-pressure controlled 
moveable cross-head, Paillére et al. [15] 

 
 
 
 
 
 

 
Figure 7 “The Temperature-Stress Testing Machine” 
(TSTM), 1984: Temperature-controlled concrete beam, 
to study thermal cracking. 100% restraint, electrical 
step motor-controlled moveable cross-head. 
Springenschmid et al. [16][17]

 
 

2.3 Structural behaviour 

In 1944 Nylander [19] did some elegant optical experiments with 10 mm thick “isolon”-sheets, see 
Figure 8. A small rectangular isolon sheet (illustrating a wall) was fixed on top of a larger (and 
restrained) isolon sheet (illustrating a stiff base). By a heating-cooling treatment longitudinal 
thermal stresses was visualised as buckling of the sheets. From these tests Reinius [20] did in 1945 
assumptions on the distribution of stresses for wall-structures subjected to one-sided restraint, and 
also on how stresses in a wall are affected by its length/height (L/H) ratio as well as by the stiffness 
of the base. Reinius also discussed the influence of the placing of dilation joints and the existence 
of cracks in horizontal joints (slip failure) due to bending forces.  
 
During the following decades, into the 1970 ties, there was continuous progress in the research and 
understanding of the influence of the early mechanical and visco-elastic behaviour of concrete, as 
well as the structural response during external restraint conditions [13][19][20][21][22][23] 
[24][25]. 
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Figure 8 Optical experiment. Buckling of 10 mm isolon sheets due to thermal contraction of the small 
upper sheet relative to the larger bottom sheet. Nylander 1944 [19] 

 

 
Figure 9 Deduced principal stress lines for a rectangular sheet (with length/height-ratio=6) fixed to an 
elastic base. Reinius 1945 [20] 
 
 

2.4 Computer-based curing technology 

Curing technology is today based on a “state parameter”, and the use of the maturity concept is 
common in this regard. In 1951 Saul [26] introduced the expression “maturity” and defined it as: 
“Concrete having a given composition will at a given maturity have the same strength independent 
of the time-temperature history that results in that maturity”. Long before this the temperature 
effects on strength had been known, and various attempts to develop general models for the 
temperature effect on strength had been made. In this development the work of Saul was a step on 
the way. Until the 1980ies the approaches to handle restraint conditions and cracking issues, 
including the visco-elastic behaviour of concrete, was primarily based on measured temperatures or 
estimations of temperature/temperature differences. Graphic solutions and hand-calulations were 
predominant.  
 
When it comes to computerized curing technology significant contributions were made by 
Freiesleben Hansen (Bkf-centralen, Denmark). By 1975 he had systematized the knowledge of the 
time and developed a computer-based software system denoted the “Maturity Computer”. The 
software treated one-dimensional (1D) heat flow problems, including a refined maturity concept 
that was based on basic theory of thermal activated processes (Arrhenius), and rough estimations 
on crack sensitivity were done by comparing the temperature differences/strains over the cross-
section with the tensile strain capacity of concrete [27][28][29][30][31][32]. The computer-based 
system was portable and could be used at e.g. building sites for curing control (i.e. estimation of 
temperature, maturity and mechanical property development). It was claimed that this system 
“brought the concrete technology to an international level on its field” [33]. The Maturity 
Computer was the pioneer version of the following release of the commercially available (1D) 
curing technology program CIMS. Later it was upgraded (1992) to handle 2D in CIMS2D; also 
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including a stress (and strain) calculation module (i.e. a stress-based curing technology program), 
then renamed, to the present name, 4C-Temp&Stress (Danish Technological Institute). 
 
During the winter 1978-79 the Danish Building Research Institute did some practical in-situ tests 
on walls to observe what temperature differences are critical for cracking after form removal (i.e. 
internal restraint), see Figure 10. The conclusion from these particular tests was that temperature 
differences over the cross section higher than around 20 oC were critical with regard to surface 
cracking. It is notable that the results were picked up by, among others, the Norwegian Public 
Roads Administration and, thus, forms the basis for requirements that are valid even today. 
 

 
 

 
Figure 10 Tests on critical temperature differences over the cross-section of walls (internal restraint) 
after form removal at winter conditions. Freiesleben Hansen and Pedersen (1982) [31] 
 
When it comes to programming, parallel developments were achieved in Sweden from late 1970ies 
when the computer-based curing technology program HETT was released from CBI [34][35]. The 
program was made by Jonasson, under the leadership of Bergström. Increased understanding of 
materials behaviour internationally (especially by Bazant on creep), and further developments by 
Jonasson, Bernander and Emborg at Luleå Univ. of Tech. on materials testing/modelling and 
computer programs through the 1980ies resulted among others in the dr.thesis by Emborg [36] in 
1989 which applied stepwise finite-element stress analyses by sub-dividing hardening concrete 
structures into discrete laminar element layers involving an integral-type creep law. Later, around 
1995, the stress-based curing technology program ConTeSt was released by Jonasson. The program 
has been upgraded several times up till today. Note that the “Norwegian” program CrackTeSt-
COIN, which will be introduced in 2012, is an adjusted version of ConTeSt. 
 
It is no doubt that the achievements discussed above on computer-based hardening phase 
simulations in the 1970-80ies were pioneering work on the international scene. However, to limit 
the volume of this literature review the developments in the same period elsewhere are not dealt 
with, for instance the developments elsewhere in Europe (especially Germany), USA and Asia. 
Through the 1990ies several computer programs saw the light of day internationally, and numerous 
stress-based 2D (and some 3D) curing technology programs exist on the market today, some of 
them are dealt with in Ch.9. 
 
Provided that we have relevant materials data for the concrete in question, the uncertainty of stress 
calculations and crack risk assessments is probably today mainly a result of the fact that building 
sites, ready-mixed concrete and the cracking tendency itself have “stochastic nature” which 
inherently leads to some uncertainty. Hence, the limitation of crack risk assessments is probably 
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not the computer programs and their given materials models, but merely our ability to measure and 
implement the relevant concrete materials data, as well as to implement relevant on-site conditions. 
See Ch.12 for more on this topic. 
 

2.5 Thermal dilation and autogenous shrinkage 

Among the relevant materials data are indeed the driving forces to hardening phase cracking: 
Thermal dilation and autogenous shrinkage. The two types of “deformations” work together, giving 
the total volume instability of hardening concrete. Since thermal effects are obviously important, 
hydration heat and the coefficient of thermal expansion of cement paste and concrete has “always” 
been subjects of interest, see literature review for instance in [93], and Section 7.3 in this report.  
 
Autogenous shrinkage may be denoted as a “joker” in this regard; it is less important than thermal 
effects in most cases/concretes, but can be very significant in others, and its interdependence with 
thermal effects is complex. The fact that (isothermal) cement hydration is associated with a volume 
loss was shown as early as in 1900 by Le Chatelier [37]. Since then this volume loss has been 
denoted Le Chatelier shrinkage or chemical shrinkage, and it is easily measured as the water 
suction from cement paste cast in a graduated flask with water on top. As hydration proceeds the 
water that is sucked into the cement paste can be monitored, see Figure 11. 
 
This (internal) chemical shrinkage is believed to be the main contributor to (self-desiccation and) 
autogenous shrinkage in concrete (see Ch.7.2). Autogenous shrinkage is sometimes denoted 
“external” or “bulk” chemical shrinkage”, or “self-desiccation shrinkage” to link it directly to the 
mechanism assumed to be the predominant. The existence of autogenous shrinkage, which then is 
the external (dimensional/bulk) component of chemical shrinkage, was discovered at least as early 
as in 1934 when Lynham [39] stated: ”In a conservative system, in which water neither entered nor 
left a mass of concrete, and neglecting thermal effects, the concrete would shrink continuously till 
all the cement was hydrated, all the water was used up, or all movement of water rendered 
impossible.(...)It is convenient to refer to this type of shrinkage as ‘autogenous shrinkage’ to 
distinguish it from others which are due to thermal causes or to loss of moisture to the air”. Based 
on the status at that time he stated further that there was: ”(..)a lack of differentiation between 
autogenous shrinkage, thermal effects, and induced movements due to alterations in moisture”. 
Davis [40] goes in 1940 deep into the mechanisms governing autogenous shrinkage and its 
practical consequences, see example of test result in Figure 12. He also discussed expansive 
mechanisms that are: ”autogenous in character”. Hence, “autogenous strains” are commonly 
shrinkage, but can sometimes occur as a swelling. The swelling mechanism(s) is not entirely 
understood, even today (but for instance early etringite formation has been proposed as one 
possible mechanism). In 1942 Swayze [41] gave an insightful discussion on similar matters. 
 

 
Figure 11 Behaviour of neat cement paste while hardening under water. Powers 1935 [38] 
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Figure 12 Long-term autogenous shrinkage of 10x10x100 mm sealed concrete bars. Negative strain is 
shrinkage. Davis 1940 [40] 
 
In connection with the design of the Dworshak Dam, Ohio, USA, the presence of autogenous 
shrinkage was taken very seriously. Autogenous shrinkage was tested on various concretes, and the 
effect of pozzolan addition, cement content, cement fineness and temperature were reported by 
Houk et al. in 1969 [42]. The authors stated that: “(..) Therefore, the development of concrete 
mixtures having satisfactory strength, autogenous shrinkage, and low temperature rise properties 
was an important design consideration for a structure such as the Dworshak Dam”. 
 
When it comes to the existence of autogenous shrinkage and its contribution in creating restraint 
stresses and cracking of hardening concrete structures, it is clear that the developments discussed 
above from the US were in the forefront. In Europe autogenous shrinkage seems to be either 
unknown or ignored for many decades, and it appears to be not before around 1980 that European 
researchers made serious notice to the phenomenon, see Paris conference in 1982 [43]. However, 
after this, and especially from around 1990, the interest in autogenous shrinkage, and the whole 
topic of stress-based curing technology as such, has been extensive worldwide.  
 

2.6 Conferences and research projects 

During the last decades, the increased use of high strength concrete structures led to increased 
interest worldwide on early age cracking problems. High strength concrete normally contains more 
binder producing more heat during hydration, and the low w/b-ratios imply finer pore structure 
resulting in strong self-desiccation/high autogenous shrinkage. Both factors lead to increased 
volume instability relative to normal strength concrete – and also increased vulnerability to early 
age cracking. 
 
The widespread interest in early cracking has resulted in much research, and many conferences 
devoted exclusively to aspects of the topic since the RILEM conference in München 1994 [44], 
seminars/workshops in: Trondheim 1996 [45], Hiroshima 1998 [46], Lund 1997, 1999, 2002 and 
2005 [47][48][49][50], Paris 2000 [51], Sendai 2000 [52], Haifa 2001 [53], Trondheim 2005 [56] 
and Quebec 2006 [57][58]. Conferences with special sessions on the topic have also been the trend, 
for instance Phoenix 2002 [59], Colorado 2003 [60] and Evanston 2004 [61]. RILEM has had 
several committees on the topic; TC 119-TCE München [44], TC 181-EAS [53], TC 195-DTD [54] 
and TC 196-ICC [55]. 
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Several research projects have been carried out with Norwegian participation. Participants have 
been NTNU/SINTEF, contractors, materials suppliers and public authorities, and the Research 
Council of Norway has contributed financially. Genuine Norwegian projects were NORCON 
(1993-1996, project leader NTNU), NOR-IPACS (1996-2000, project leader Skanska), NOR-
CRACK (2001-2005, project leader NTNU [62], see APPENDIX 4) and the on-going COIN 
(2007-2014, project leader Sintef Byggforsk) where hardening phase cracking issues is a sub-
activity in one of the many sub-activities. The large European Brite-EuRam project IPACS (1997-
2001, project leader Scancem AB) had also several Norwegian participants (a complete survey of 
all IPACS-reports is given in APPENDIX 5).  
 
 

2.7 Norwegian developments 

The practical approaches to curing technology internationally from the 1970ties did not go 
unheeded in Norway. During the period 1981-1985 Freiesleben Hansen (Bkf-centralen) was invited 
several times to Norway, both by Ing.F.Selmer (today Skanska) and NTNU, to hold courses in 
curing technology. In 1982 Ing.F.Selmer and NTNU bought the simulation program CIMS from 
Bkf-centralen, which then was run on a big main-frame computer [63]. The same year Helland 
[66][67] implemented own data (strength, activation energy, heat) in a self-made program written 
in “Basic” for PC use; based on the maturity concept and the decrement-method developed at Bkf-
centralen in Denmark. The tool was adapted in building projects to help workers at Ing.F.Selmer to 
solve practical problems on-site (first time used for the Solbergfossen power plant project). 
Furthermore, the semi-adiabatic calorimeter was also developed to measure hydration heat, and a 
special program (also programmed in Basic) was made to handle the data. In 1988 Smeplass (FCB) 
[68] made another program version for evaluation of semi-adiabatic calorimeter data. This is 
notable since updated versions of this program (in Excel-format) are widely used in Norway even 
today. The program transforms measured temperatures from calorimeter tests to adiabatic 
temperature and isothermal heat evolution; the latter being the basis for temperature calculations of 
structures. The procedures that now had been developed to determine the heat- and activation 
energy parameters was later adapted into the Norwegian standards NS 3656:1993 Rate of reaction, 
NS 3657:1993 Heat development, and NS 3099:1991 Reference concrete. All these standards are 
valid Norwegian standards even today. 
 
In the dr.thesis of Sandvik from 1984 [64] the temperature sensitivity (activation energy) of the 
strength development in various concretes was studied, and the various maturity concept models 
available at that time were reviewed. Illustrative for the time of entry of computers was the NTNU-
course “Curing technology of concrete” (Betongens herdeteknolgi) in 1988 [65] which informed 
that: “The use of so-called PCs have increased during the last years”. In addition, it was stated that 
the program system HERD, developed at NTNU, had been available in Norway from 1986. 
Computer programming for curing technology apparently was popular in this time period since 
other programs were also made. When it comes to practical use of computer-based curing 
technology especially Skanska has been an active user, and over the years also applied the various 
versions of the Danish curing technology programs mentioned earlier, as well as the Swedish 
program ConTeSt. 
 
In 1988 the Norwegian Public Roads Administration (NPRA) introduced new requirements for 
their concretes. The maximum allowable water-to-binder ratio was lowered from 0.45 to 0.40, and 
silica fume addition was required. In following projects there was a tendency of more pronounced 
problems with cracking on-site, especially on large bridge decks, presumably due to plastic 
shrinkage. Site-observations with the problem was reported some years after by Kompen in 
[69][70][71]. NPRA then initiated and sponsored a project at the Norwegian University of Science 
and Technology (NTNU) named “Cracking of high strength concrete at early ages” (1992-1994), 
under the leadership of Sellevold. Enhancement of the knowledge of the plastic phase was naturally 
a central part to resolve the mechanisms behind the observed problems, but also the hardening 
phase was addressed. On a fundamental level the plastic phase was studied with regard to cement 
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chemistry, chemical shrinkage, bulk chemical shrinkage (“the condom method”), pore water under-
pressure, RH-development, and early strength development (by ultra-sonic pulse) [72][73][74][75]. 
On more macro (materials response) level plastic shrinkage cracking was measured [76][77], using 
a wind tunnel system developed by Johansen (FCB) in 1980 [78]. In addition, attempts were made 
to measure both the early age strain capacity and to measure restraint stresses in simple rigs, but 
those tests failed due to lack of adequate equipment. When it comes to the very early strain 
capacity of concrete, and many of the aspects of plastic shrinkage cracking mentioned above, the 
work was continued later, especially by Hammer (Sintef) who used among others an advanced 
“tension rig” for plastic concrete, see dr.thesis from 2007 [79]. 
 
In 1992 Sellevold (NTNU) went on a trip to Paris (LCPC) and München (Tech. Univ.) to study 
restraint stress measuring systems [80]. Even though the main motive of the trip was to look at very 
early age (plastic phase) concrete measuring systems, this trip may be regarded as a milestone with 
regard to the stress-based curing technology in Norway as it gave inspiration to build a TSTM-rig, 
and led to Norwegian participation in the early mentioned BriteEuram project IPACS. The TSTM 
was built at NTNU in 1995 as a part of the NORCON project sponsored by the Research Council 
of Norway and industrial partners, see Figure 13. The year before that, in 1994, Kanstad (NTNU) 
had spent 6 months at TNO in Delft, The Netherlands, to immerse himself into the achievements 
internationally on calculation solution methods for restraint stresses in hardening concrete [81]. In 
the following years, and until today, several projects and Ph.D.-studies [82][83][84][85] have been 
carried through within the succeeding national and international projects described in the previous 
section. It is notable that within the COIN-project the TSTM-rig was reconstructed in 2009-2010 to 
open for more extensive materials output and with selectable degree of restraint during the test. 
Regarding input data for hardening phase stress simulations, the NTNU/SINTEF-laboratory in 
Trondheim have been, and is today, the only place in Norway were all relevant concrete properties 
can be measured. 
 
In a way the Norwegian knowledge on hardening phase cracking of concrete culminated with the 
submerged tunnel project in Bjørvika in Oslo (construction period 2006-2010). For the first time in 
Norway direct requirements were set with regard to stress-based curing technology. In order to 
make probable that crack-free structures were obtained, the involved contractors had to carry out 
experiments on the early age concrete properties and to perform pre-calculations of the restraint 
stress development of the various structural members to show that the crack index was not above 
0.75. Experience regarding crack-control in this project was reported in 2010 [86], and a seminar 
was arranged the same year with all the involved parties [87]. In the various sub-projects of the 
Bjørvika tunnel project high volume fly-ash concretes were used to reduce hydration heat and crack 
sensitivity. The laboratory equipment and competence at NTNU/SINTEF was highly involved both 
in the pre-documentation tests by the Norwegian Public Roads Administration (NPRA) and in the 
project-specific documentation performed by the contractors. In 2011 the client (NPRA) and the 
entrepreneurs of the Bjørvika submerged tunnel projects (AF Gruppen Norge AS: Sørenga, 
Skanska Norge AS/Volker Stevin BV/BAM Civiel BV: Senketunnelen, and NCC AS: 
Havnelageret) received the concrete price of the year (Betongtavlen) from the Norwegian Concrete 
Association. The price was given for the developments in concrete technology in terms of low-heat 
fly-ash concretes with reduced carbon footprint, as well as for crack control by the use of hardening 
phase stress simulations and crack-risk reducing measures on-site. 
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Figure 13 Above: From introductory tests in the newly build Temperature-Stress Testing Machine 
(TSTM) at NTNU in 1995. Participants in the Norwegian NORCON project (from right to left): Erik J. 
Sellevold (NTNU), Tor Arne Hammer (Sintef), Per Fidjestøl (Elkem Materials), Reidar Kompen 
(NPRA), Steinar Helland (Skanska) and Øyvind Bjøntegaard (NTNU, Ph.D.-student). Below: Sketch of 
the TSTM-rig. 
 
 
At present, however, the competence on stress calculations of hardening concrete structures is on 
rather few hands in Norway. It is a pity since it can be such a useful tool for rational planning and 
production of concrete structures; a tool to plan the progress on-site and to obtain aesthetical and 
water-tight structures in the long term. The reason for little interest on the subject in Norway in the 
past is likely that the focus has been on temperature criteria, which is “a step on the way”, but 
clearly insufficient from a technical point of view. We can hope that this will change to the better 
in the future as an activity within COIN, in cooperation with the Norwegian Concrete Association, 
is to arrange practical courses on the use of the simulation program CrackTeSt-COIN. 
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Side-remark: A result of this literature study is that it appears that a Cracking Frame rig existed at 
FCB (today SINTEF) in 1980. The rig was built in connection with a specific assignment for 
Norwegian Contractors, see Figure 14. The fact that it was a confidential assignment, and with 
other people involved, may explain that possible useful experiences from it was not known a 
decade later during the very onset of “un-confidential” research on the topic. 
  
 

 
 
Figure 14 Cracking frame test set-up at FCB in Trondheim, 1980. Hoff [88] 
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3 The hardening phase and definition of t0 
 
An illustration of the different phases of the concrete “life” is indicated in Figure 15. The fresh 
phase involves mixing, transport, casting and the onset of hardening in the formwork. The initial 
hydration reactions develop slowly during this period. The cast concrete gradually loses all 
workability due to weak physical bonds between particles and initial chemical bonding between the 
cement particles (semi-plastic phase). t0 is the point in time at which the hydration has developed 
sufficiently for the concrete to develop measurable mechanical properties. t0 is related to the so-
called ‘final setting’ and can be seen as the on-set of the property development of the concrete. t0 
varies with concrete temperature, binder type, and type and dosage of admixtures. t0 may typically 
be from 6 to 14 hours after mixing. 
 
The concrete develops much of its mechanical and durability properties during the hardening phase 
(thermal phase). This occurs together with significant heat generation (exothermic chemical 
reactions). For massive structures (thickness 1.0 m ± ca. 0.5 m) the maximum temperature will 
generally occur after around 1-3 days. Heat generation becomes more moderate thereafter and the 
heat loss to the surroundings will then dominate and the concrete will start to cool. The cooling 
period takes place until the structure reaches thermal equilibrium with the surroundings, which 
usually occurs after some weeks. For very massive cross-sections, e.g. in dam constructions, it may 
take years before the concrete is completely cooled. 
 
In the service phase the concrete (the structure) is close to thermal equilibrium with the 
surrounding air at all times and it is exposed to service loads and the surrounding climate. 
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Figure 15 Different phases of concrete – schematic diagram. 
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A simple principle sketch of cement hydration is given in Figure 16, where (a) represents the fresh 
phase (dormant period), (b) can illustrate the time t0 where hydration products bridge between 
cement particles - producing a stiff skeleton, (c) further hydration in the hardening phase, and (d) 
long-term complete hydration.  
 
 

 
Figure 16 Different phases of cement hydration – principal sketch. (a) Fresh phase, (b) around t0, (c) 
hardening phase and (d) well-hydrated (service phase) 
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4 Internal and external restraint 
 
Stresses in concrete develop when its volume changes are restrained internally and/or externally. 
 
Temperature gradients over the concrete cross-section give differential thermal strain and internal 
restraint. When the formwork is removed from a hot structural element, there is rapid cooling 
(contraction) of the surface, see Figure 17. This contraction is restrained by the core and results in 
tensile stresses that can result in surface cracks. Tensile stresses and surface cracks may also occur 
during the heating phase (even with formwork) if the surface temperature lags behind the core 
temperature due to heat loss through the formwork. Typical damage due to internal restraint is 
indicated at the top of the wall in Figure 18 (see ‘Expansion phase’). However, surface cracks of 
this type have a tendency to close later in the cooling phase when the core also cools, but they can 
nonetheless be unfortunate ‘initial’ damage serving as weak points during later climate exposure. 
Figure 18 also indicates that the expansion of the wall during the expansion (heating) phase may 
produce cracks in the base, but in practice this is not experienced to be a problem. 
 
 

 
Figure 17 Illustration of internal restraint 
 

 

Figure 18 Example of cracking in a concrete wall due to internal and external restraint. [105]  

 
External restraint is associated with casting joints, i.e. the hardening structure is restraint by stiff 
and mature adjoining structural members. The classic example is a wall that is cast on a stiff 
foundation/slab. During the cooling phase (see thick arrow in Figure 18) the wall contracts, but it is 
restraint by the stiff foundation. The stresses that arise in this situation are mainly longitudinal. The 
critical time with regard to cracking (or not) will vary according to structural thickness, type of 
concrete, etc, but it can typically be from around 5 days to a few weeks after casting. Such cracks 
are generally “through-cracks”, i.e. the cracks span through the entire thickness of the wall. The 
cracks often go from close to the joint and (for a wall) vertically several meters up. The crack 
widths may vary from very thin ones (0.05 mm) to 0.3 mm and even wider. An illustration of 
external restraint of a wall-structure is shown in Figure 19, and various situations with external 
restraint are shown in Figure 20. 
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Figure 19 Illustration of a wall with (artificial) no restraint (left) and external restraint (right)  
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Figure 20 Examples of different conditions of external restraint: Wall on slab (a), slab on wall (b), slab 
against slab (c) and successive casing of wall sections (d). [116] 

 
The degree of restraint over the length of two wall-on-slab structures is shown in Figure 21. The 
lower parts of the walls are most restrained. During the cooling phase the cracks are likely to be 
initiated in the lower part (around one wall-thickness up from the casting joint) of the wall since the 
lower part often has the most unfortunate combination of high curing temperature and high 
restraint. The crack will then develop vertically in both directions during further cooling. Close to 
the joint the temperature increase will be less due to transmission of heat to the slab. If cracking 
occur in the wall, the final result may be many vertical cracks, often several meters high. Figure 21 
shows that for a long wall (high L/H-ratio) the restraint is generally high for the whole structure, 
while for the shorter wall (low L/H) we find high restraint only around the lower mid part. Hence, a 
long wall generally will develop more cracks and longer cracks than a short wall. 
 
Plots from a FEM-analysis show how a wall may deform during heating, see Figure 22-a, and after 
end of cooling, see Figure 22-b. The given wall is relatively short (low L/H-ratio) and is able to 
rotate. Note that the slab is also rotated by the wall. In the cooling phase the wall and the slab are 
lifted upwards at each end. This freedom a rotation means that the longitudinal tensile stresses will 
vary over the length of the wall and the longitudinal stresses will be highest towards the centre of 
the wall, as discussed above. 
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Figure 21 Example: Effect of the length/height (L/H)-ratio on the degree of restraint over the length of 
wall structures with L/H = 5 (left) and L/H = 2 (right). 

 
 

 
  (a) 

 
  (b) 

Figure 22 Example: FEM-analysis, wall on slab. (a) Deformation at maximum wall temperature, and 
(b) deformation after the end of the cooling phase. The deformations are exaggerated [104] 

 
 
An example of stress distribution in a wall during the cooling phase is shown in Figure 23. The 
figure shows half the structure, with the wall centre (axis of symmetry) to the left. The main tensile 
stresses in the wall (x) develop from the end and increases towards the centre of the wall (see 
x,max in Figure 23-a). Note that maximum x occurs a distance up from the bottom of the wall, as 
mentioned earlier. These main/principal stresses are the cause of through-cracks. 
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Figure 23 Tensile stress distribution in a wall on slab in the cooling phase: Before (a) and after (b) slip 
failure at casting joint end. Both figures show half the structure, i.e. axis of symmetry to the left. [105] 

 
Due to the unsymmetrical restraint by the slab, and subsequent rotation, vertical stresses (y) and 
shear stresses () also develop. These stresses often cause slip failure (micro-cracks) along the joint 
at the wall ends, see Figure 23-b. This effect is particularly important for short walls (low L/H-
ratio) and the consequence is that the overall degree of restraint in the wall is reduced. Calculation 
programs are not normally able to simulate slip failure and ignoring this “parameter” (slip failure) 
contributes to overestimation of stresses in calculations. Stress calculations depend on a large 
number of parameters; each of them associated with some uncertainty, hence it could be argued 
that there is sense in not considering the slip failure effect since it constitutes a built-in safety 
factor. However, the stress-reducing effect of slip failure can be taken into account by using a 
reduction factor [106] for the degree of restraint. In most practical cases the slip failure effect has a 
0-20% reducing effect on the degree of restraint in a wall-on-slab structure [105][106]. 
 
Examples of crack observations from full-scale laboratory tests of walls are shown in Figure 24, 
upper figure: high L/H ratio, bottom figure: low L/H-ratio. The cracks in the mid part of the wall 
are usually vertically oriented while there is a tendency to more inclined cracks towards the ends 
because the stress condition is more complex (x + y). Note that slip failure was observed in both 
walls in Figure 24. 
 

 
 

Figure 24 Typical through-cracks due to restraint by the slab, full-scale tests. Upper figure: wall with 
low L/H ratio (large height H). Bottom figure: wall with high L/H ratio (small H). [105] 
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The flexibility and stiffness of the ground also influences the deformation of the slab, which again 
influences the freedom of rotation/degree of restraint in the wall. Inflexible ground (for instance 
rock) allows no flexibility of the base slab and contributes to high restraint over the whole length of 
the wall, see Figure 25-a. Soft ground allows the slab to penetrate into the ground so that the wall 
may rotate more, giving reduced restraint, see Figure 25-c. The mid-section of the wall does not 
necessary notice these end effects, especially in longer walls. This is due the self-weight of the 
structure which gives a counter-moment against the rotation (see Figure 25-b). The effect of ground 
stiffness is difficult to model correctly, but stiffness parameters for various types of ground have 
been proposed. 
 
Based on a number of 3D-analyses it was stated in [116] that the following restraint factors (R) 
were typical for the given restraint problems: 
 
Slab to slab:   R=0.05-0.52 
Wall on slab:  R=0.37-0.70 
Top slab on wall: R=0.12-0.52 
  
As a summary, the degree of external restraint in a hardening concrete wall depends on the 
following issues: 

1. The geometry of the structure (the L/H-ratio) influences the stress distribution over the 
height and over the length. High L/H-ratio give larger areas with high degree of restraint 
and possible cracking may occur over a larger portion of the wall. 

2. Stiffness (E-modulus and cross-section area) of the restraining structure has significant 
influence. 

3. Joint-end slip failure decreases the degree of restraint, but is difficult to model and 
generally not included in analyses. However, some simulation programs may take this 
effect into account. 

4. The flexibility and stiffness of the ground (for wall on slab). 
 
 

 
 

a) 
 
 
 
 
 
 

b) 
 
 
 
 
 
 
 

c) 

Figure 25 Influence of ground stiffness on freedom of rotation. (a) Stiff ground and little freedom of 
rotation, (b) semi-stiff ground, and (c) soft ground (R=restraint in point A,B,C)[124]. 
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5 Stress development and “crack index” 
 
Crack risk is assessed by comparing self-induced concrete stresses with the tensile strength during 
the entire hardening period. In finite-element-method (FEM) simulation programs the temperature 
and stress development over time at critical positions in the structure are identified, based on 
concrete properties, structural configuration and environmental conditions. The major factors in 
early age cracking are illustrated in Figure 26. 
 
Thermal dilation and autogenous shrinkage are the driving forces, while the other parameters can in 
simplified terms be called ‘the response’. The net result is concrete stresses.  
 
The risk of cracking is usually expressed as the ratio (over time) between generated concrete tensile 
stress and tensile strength. This ratio is called “the crack index”, Ci, (or relative stress), see 
Equation 1. The crack index is normally highest well into the cooling phase, as discussed earlier. A 
calculated crack index of 1.0 (or higher) indicates that cracking will occur; if below 1.0 cracking 
will in theory not occur. If the crack index is e.g. 0.5 at a given time, this means that 50% of the 
concrete's tensile stress capacity is being utilized or ‘challenged’. In cases where calculations are 
required as pre-documentation, a crack index clearly below 1.0 is generally required. The use of the 
crack index as a “crack-risk criterion” is discussed further in Chapter 12. 
 
 

Volume Structural Stiffness
changes configuration properties

Autogenous
shrinkage

+ x Degree of x E-modulus x Creep / = Concrete

thermal restraint relaxation stress
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Figure 26 Stress development during the hardening phase – schematic diagram 
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Examples of measured stress development under external restraint conditions are given in Figure 
27. The results are from three laboratory tests where 1 metre long prismatic specimens, all with the 
same concrete, were 100% restraint during hardening (1-dimensional restraint test). The time scale 
reflects the time after mixing. The three test samples were subjected to three different temperature 
histories (Figure 27-a). The temperatures were calculated in advance with a curing technology 
program and represent the average temperature for this concrete used in walls with thicknesses of 
30 cm, 50 cm and 1 m, respectively. The three calculated temperature histories were then used to 
control the temperature in the laboratory tests. 
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All tests show the typical stress development for external restraint conditions (Figure 27-b): during 
the heating period (expansion phase) compressive stress develop, whereas tensile stresses develop 
during the subsequent cooling phase (contraction phase). The highest temperature (curve 1) 
resulted in the highest compressive stress in the heating phase and the fastest tensile stress 
development in the cooling phase. 
 
In the two tests with the highest maximum temperature, (curve 1 and 2), the specimens failed in 
tension after approximately 2 days; at that time the stress reached the tensile strength, i.e. the crack 
index is 1.0. Note that heating takes place in a very young and soft concrete (low E modulus), 
while cooling occurs in a more mature and stiff concrete (high E modulus). This is the main reason 
why very little cooling is necessary to bring the concrete from maximum compressive stress after 
approximately 1 day and all the way to tension failure about one day later. 
 
The specimen with the lowest maximum temperature (40°C, curve 3), “survives” the entire 
hardening phase, and after 168 hours the tensile stress is 3.0 MPa. The tensile strength at that time 
is 3.4 MPa and the crack index at 168 hours is thus (3.0 MPa/3.4 MPa =) 0.88. The direct 
implication of Figure 27 is therefore that the tested concrete will crack if the temperature gets 
slightly above 40°C (valid for: 100% restraint, 20°C fresh concrete temperature and 20°C ambient 
temperature). In a structure the degree of restraint is generally much lower than 100%, hence the 
stress development for the given concrete in a structure would therefore be more moderate than 
shown in Figure 27-b. 
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Figure 27 (a) Measured (and imposed) temperature, and (b) stress development in laboratory tests on 
100% restrained concrete specimens. The time axis corresponds to the time from mixing. The tensile 
strength development (dashed line) is also indicated. The same concrete was used in all tests (w/b = 
0.40, fc28 = 80 MPa). [82] 
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6 Maturity time – the “state parameter” 
 
 
In curing technology and early age stress simulations of concrete a “state parameter” is used for 
defining the state of hardening (i.e. the property development) of the concrete at all times from 
mixing and through the entire hardening phase. In the Nordic countries (and also other countries) 
“maturity time” is generally used as the state parameter. “Maturity time” is often denoted 
“equivalent time” and the two terms means the same.  

The maturity concept takes into account that the hardening process is a thermally activated process. 
The rate of hydration of concrete (i.e. the cement/binder) increases with increasing temperature, 
and as the hydration process produces heat the temperature increases and the reaction process 
becomes self-accelerating. The property development (strength, E-modulus, etc.) of concrete is 
closely linked to the progress of cement/binder hydration which leads to the proposition that the 
progress of the property development can be expressed as a function of a time-temperature 
combination – i.e. maturity time. 

The reference temperature is generally set to be 20 oC, and the rate of hydration (H) at this 
temperature is thus defined to be 1.0. Temperatures above 20 oC gives H>1.0, and below 20 oC then 
H<1.0. At around -10 oC hydration more or less stops and H=0. 

According to the Arrhenius principle, the rate of hydration (H) can be expressed as shown in 
Equation 2. The temperature development of a concrete is divided into short time increments with 
an average temperature in each interval Ti. For each Ti the H-function value is calculated as: 

  

Equation 2   
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Where H is the rate function, ET is the activation energy, and ET = A + B(20 - Ti). For 
T>20°C then B=0, and for T < 20oC then B has a given value. A has a given value for all 
temperatures. R is the gas constant (8.314 J/(mole . K)) 

 

The maturity “growth” within a time increment is then H(Ti)·ti. The maturity time at a certain 
concrete age (after n time intervals) is then the sum of all maturity growth increments as shown in 
Equation 3. 

Equation 3   ii
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Where M=maturity time (which equals te=equivalent time), n is the amount of time 
intervals, H is the rate function, Ti=the average temperature in each time interval ti.   

 

As mentioned, 20 oC is commonly used as the reference temperature (note 20oC equals 293 K in 
Equation 2). The actual H-value at a given temperature depends on the temperature sensitivity (the 
activation energy) ET. For instance, at 35 oC the cement reaction may be around twice as fast (H=2) 
compared to that of 20 oC. Hence, the property (for instance strength) obtained after 24 hours at 
35oC temperature equals to 48 hours curing at 20 oC, i.e. the maturity time is for both cases 48 
hours in this example. This kind of time-shift may then transform property developments from any 
arbitrary temperature history to maturity time (i.e. the equivalent hydration time at 20 oC). A given 
concrete subjected to various temperature histories within a structure means that there is individual 
maturity time developments for each point in the structure. The maturity development can then be 
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inserted in maturity based models (see further chapters) and the property development at each point 
in the structure can be found. Examples of activation energy and resulting rate function are given in 
Figure 28.  

A limitation of the maturity concept is that it assumes that the final property is independent of the 
temperature history, i.e. the temperature history only affects the rate of property development 
towards the final value. This is, however, not the case always in practice, since for instance high 
temperatures increases strongly the rate of early property development, but it produces weaker 
bonds between particles on the long run which alter the final potential after longer times. And, low 
temperatures mean slow early development, but higher final properties. This is illustrated in Figure 
29 (top+left), which shows curing temperatures and examples of measured strength vs. (real) time 
at three different constant temperatures and one realistic (semi-adiabatic) temperature. In Figure 29 
(right) it can be seen that the same results can be fitted well in a maturity time plot up to a certain 
maturity level, but after longer times the tendency of reduced strength at high temperatures can also 
been seen. The high and artificial 50 oC constant curing temperature gives the most pronounced 
strength reduction after longer times, whereas this tendency is generally much less for realistic 
(semi-adiabatic) temperatures.  

The different materials models uses maturity as time parameter and the maturity concept has shown 
to be a very applicable engineering tool for predicting the property development of concrete during 
the period with most dramatic changes of the various properties, i.e. from setting and through the 
hardening phase.  

Another state parameter that is used in some countries is the “degree of hydration” . Since  is 
very difficult to determine experimentally it is often defined as the heat release at a given maturity 
time divided by the final heat release after infinite time, i.e.  develops from 0 at setting to 1 at 
infinite time. This definition considers also the temperature-maturity time relation and, thus, the 
concept of using  then pretty much equals the maturity concept, but the materials models using  
requires different mathematic formulations. 
  

 

 
Figure 28 Activation energy (left) and rate function (right). Red curves: A=34000 and B=1000, blue 
curve: A=25000 J/mole and B=1500 J/(mole.K) 
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Figure 29 Curing temperatures (top), and measured strength results plotted against real time (left) and 
maturity time (right). The strength level of 40% of 28-days strength measured at 20oC is indicated in 
the right figure as it is the level proposed for the determination of activation energy in NS 3656 
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7 The driving forces to stress generation 
 

7.1 General 

Heat is generated when cement (+silica fume, fly-ash, slag) reacts with water. The reaction forms 
solid hydration products with fine pores that are partly filled with water. The heat causes thermal 
strains (thermal dilation), while formation of partly water-filled pores (self-desiccation) results in 
autogenous shrinkage. These are the two driving forces behind cracking in hardening concrete. If 
the temperature of the concrete is constant (isothermal conditions), autogenous shrinkage operates 
alone, while under normal conditions where the temperature varies, thermal dilation and 
autogenous shrinkage operate simultaneously to produce stresses, hence: 

Equation 4    asTtot   

 
Where:  
tot = total deformation, T = thermal dilation, as = autogenous shrinkage  

 
 

7.2 Autogenous shrinkage 

The term “autogenous” means something like ‘automatic process’ or ‘self-produced’ and means 
that the shrinkage develops independent of external influence. The reason for this is that the 
cement-water reaction is associated with a loss in volume; the reacted solid product fills a lesser 
volume than the reactants (cement + water). The phenomenon is called chemical shrinkage and is a 
fundamental property of cement hydration. Chemical shrinkage starts when water meets cement in 
the mixing process and continues as long as the hydration process goes on in the concrete. 
Chemical shrinkage is approximately 0.06 cm3 per gram of reacted cement, which for a cement 
paste with a w/b-ratio of 0.40 results in a volume of air-filled pores of around 8% (assuming 
complete hydration and a constant external paste volume).  
 
The pore structure that is formed during hydration will thus gradually undergo a reduction in the 
degree of water saturation since water is consumed as the cement hydration proceeds - this is called 
self-desiccation. As a consequence, the relative humidity (RH) of the pore system drops. This 
applies especially to high performance concretes with w/b<0.45, and the RH for such concretes 
may drop from around 100% in the fresh phase to 80-90% after a few weeks. For very low w/b 
concretes, the RH may drop even more (down to around 70%). Self-desiccation creates capillary 
forces and negative pore water pressure which is transferred to the solid phase and results in an 
external (bulk) contraction of the concrete which is called autogenous shrinkage.  
 
Note that these arguments assume that no extra water is supplied during hydration (as is the case 
for massive structures in nearly all practical applications). If the element is very small and water is 
available on the surface it will be sucked in and the element remains saturated and no autogenous 
shrinkage will develop.  
 
Self-desiccation and negative capillary pressure are assumed to be the main mechanisms behind 
autogenous shrinkage in concrete. There are also other possible mechanisms, probably of minor 
importance, but these are not addressed here. Still, due to the complex nature of autogenous 
shrinkage it is sometimes denoted ‘autogenous deformation’ to incorporate the fact that it can 
sometimes occur as an autogenous swelling. 
 
A fundamental relationship between (internal) chemical shrinkage and (external) autogenous 
deformation (shrinkage) is shown in Figure 30. Chemical shrinkage occurs from the moment the 
cement comes in contact with water. During the plastic phase (initial period), autogenous shrinkage 
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is equal to chemical shrinkage because the chemical shrinkage leads simply to a vertical collapse. 
Autogenous shrinkage thus contributes to concrete settlement during the plastic phase. Around t0, 
the cement paste develops strength and becomes ‘self-supporting’ so that pores can form and 
gradually a negative capillary pressure can build up. The autogenous shrinkage now goes from 
being a vertical deformation to a uniform volume reduction, i.e. the deformation is equal in all 
directions. This means that from t0 the autogenous shrinkage can be measured in horizontally 
oriented test set-ups, and it will create stresses if the concrete is restraint. 
 
The difference between the curves in Figure 30 expresses the empty pore volume in the binder 
phase that is formed by chemical shrinkage. The autogenous shrinkage after t0 may seem 
insignificant in the figure, but it is often significant in terms of creating concrete stresses, especially 
in high quality concretes. Autogenous shrinkage has been the object of much attention in Norway 
and internationally during the last couple of decades in step with the more widespread use of high 
performance concrete. Figure 30 is a schematic diagram which is based on laboratory tests, see for 
instance [89][90][91][92]. 
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Figure 30 Total chemical shrinkage and external volumetric autogenous deformation (shrinkage) in 
cement paste. 20°C isothermal conditions. Schematic diagram. 

 
 
An example of the effect of autogenous shrinkage on restraint stresses in a concrete (w/b = 0.40) is 
shown in Figure 31. The figure shows parallel measurements on an unrestrained specimen (free 
dilation tests) and a 100% restraint specimen, both at a constant temperature of 20°C (i.e. no 
thermal dilation). Note that autogenous shrinkage is also recorded in the fresh phase, but does not 
create measurable stresses in the restrained sample until after t0. This early shrinkage is not 
discussed in more detail here, but it occurs in a plastic and semi-plastic concrete. It should be noted 
that autogenous shrinkage before t0 (initial period) will contribute both to settlement (as previously 
mentioned) and to ‘plastic shrinkage’. Plastic shrinkage is usually explained by the concrete losing 
water to the surroundings.  
 
The fact that autogenous shrinkage in Figure 31 shows expansion for a short period around t0 
(creates a slight compressive stress) clearly illustrates that the phenomenon is complex and that 
self-desiccation is not the only mechanism. 
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The figure shows that this concrete developed an autogenous shrinkage of approximately 80•10-6 
between t0 and 168 hours (the first week), and this shrinkage produced a tensile stress in the 
restraint specimen of just below 1 MPa. After 1 month it is notable that this particular concrete 
failed at a tensile stress of 3 MPa due to autogenous shrinkage alone! Autogenous shrinkage was at 
that time 200•10-6. 
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Figure 31 Parallel measurements of autogenous shrinkage (horizontal dilation test) and stress 
development at 100% restraint. 20oC isothermal tests (w/b = 0.40, fc28 = 80 MPa). [82] 

 

7.3 Hydration heat and thermal dilation 

The heat produced by the hydration reactions results in an increase in the concrete temperature. For 
adiabatic conditions (no heat loss to the surroundings) the relationship between heat and 
temperature is: 
 

Equation 5   
pc

c

cρ

CQ




 adT  

 
where 
Tad = adiabatic temperature increase [°C], Qc = heat generation per kg cement (or 
per kg binder) [kJ/kg], C = the binder content per m3 concrete [kg/m3], c = concrete 
density [kg/m3], cp = concrete heat capacity [kJ/(kg • oC)].  

 
In all practical cases there is heat transfer between the structure and the surroundings. The heat 
transfer to (or from) the surroundings can be expressed in terms of a temperature difference and a 
heat transfer coefficient k, and the heat exchange/heat flow Qloss is: 
 

Equation 6   )T(Tk extcs lossQ
 

 
where Text is the external temperature and Tcs is the concrete surface 
temperature. 
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The overall heat transfer coefficient k is a product of the formwork, insulation (if used) and wind 
velocity [30], and is determined as: 
 
 

Equation 7    

 

   
 
   and c is the value that depends on wind (forced convection) 
 
 
The degree of heat accumulation (temperature rise) in the concrete structure, and its temperature 
distribution is dependent on the thermal diffusivity of the concrete, the thickness of the structure 
and its surface temperature (Text). For normal density concrete the thermal diffusivity does not vary 
very much from concrete to concrete, hence the heat accumulation in the structure is most 
dependent on the concrete thickness. More heat is accumulated in massive structures than in 
slender structures. 
 
The heat balance, giving the concrete temperature Tc for time t>0, can in principle be calculated 
from [31]: 
 

Equation 8    
kQ

cic dTdTTT
c

 

where  
Tci is the initial concrete temperature, 

cQ

dT is the temperature increase caused by the 

hydration heat, and 
k

dT is the temperature decrease caused by the loss of heat to the 

surroundings. 
 
In simulation programs the heat balance, i.e. the analyses of a temperature field in hardening 
concrete, is solved numerically in time steps; based on solving a Fourier differential equation. Hand 
solution methods for temperature calculations have existed for quite a long time, but today 
simulations are computer-based. 
 
Figure 32 and Figure 33 below illustrate the effect of degree of insulation and the thickness of a 
concrete wall structure, respectively. In Figure 32 the thickness is the same in all sub-figures, 
whereas the degree of insulation decreases as we go in right direction. In Figure 33 the degree of 
insulation is the same in all cases, whereas the thickness varies. The adiabatic case in Figure 32-a 
may represent an (artificial) infinite thick structure were all hydration heat is accumulated in the 
structure, meaning that the heat exchange with the surroundings is negligible during the hardening 
phase and the term “ 

k

dT ” in Equation 8 is zero.  
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Figure 32 Degree of insulation and the effect on the shape of the temperature distribution over a given 
concrete wall section during cooling. (a) Adiabatic conditions/infinite insulation, (e) Isothermal 
conditions/no insulation. (b-d) Practically relevant intermediate insulation conditions [31]. Text = 
external temperature, Tcs = concrete surface temperature  
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Figure 33 Examples of core temperature development for a given concrete used in walls of varying 
thickness (all walls has the same degree of insulation). The adiabatic temperature increase is also 
given. 
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The temperature variations in the hardening concrete create thermal dilation (thermal strain). The 
relationship between the change in temperature (T) and thermal dilation (T) is given by the 
thermal expansion coefficient (T) according to: 

Equation 9   TTT   

 
If T is unknown the value 10•10-6/oC (0.01‰ /oC) is often used as a “default” value for concrete. 
This means that a T of, for example, 40°C cooling will cause a thermal contraction, T, of 10•10-

6/oC × 40oC = 400•10-6 (0.4‰). For a concrete structure 10 m long, this results in a contraction of 
(400•10-6 x 10000 mm =) 4 mm. If the restraint is sufficiently high, the result might be vertical 
through-cracks.   
 
In reality, the thermal expansion coefficient T of concrete depends on the type of aggregate and 
the moisture condition of the cement paste, and the actual T will often deviate significantly from 
the ‘standard value’ of 10•10-6/oC. Table 1 shows T data for some minerals and rock types and, as 
can be seen, large variations exists. Generally quartz has a high T value while calcite has a low 
value. The variations in T for aggregates are reflected in concrete, which is not surprising since 
aggregate makes up 65-70% by volume of concrete. The literature indicates a variation range of 
5.6-13•10-6/°C for T in concrete (ASTM 169B). Using the standard value T = 10•10-6/°C to 
calculate thermal dilation will therefore often introduce inaccuracies in the calculated thermal 
dilation and, consequently, also inaccuracies in stress calculations. 
 
The moisture condition of the cement/binder phase also influences T. A semi-dry cement paste 
(relative humidity RH = 60-80%) has a significantly higher T (around 20•10-6/oC) than a water-
saturated one (around 10•10-6/oC) [108]. This moisture effect is related to the fact that the T for a 
semi-dry cement paste is made up of two dilation components:  
 
(1) a fundamental thermal dilation component; similar to most materials.  
(2) for intermediate RH-levels a thermal dilation component which is related to thermally 

induced RH-change (caused by redistribution of moisture) within the pores of the concrete. 
During heating the internal RH will increase, producing an expansion in addition to the 
fundamental expansion, and vice versa. For water-saturated or completely dry cement paste 
there is no component (2). [93]. 

 
The influence of cement paste RH and -volume on T in concrete is clearly shown in Figure 34. 
The concrete (around 65-70% aggregate) and pure cement paste (0% aggregate) measurements 
were done on 6 months old samples. All specimens were subjected to temperature changes between 
20 and 40 oC. The letters Q and QK means quarts-rich sand (Q) and a 1:1 combination of quarts-
rich sand and limestone (QK).  
 
As mentioned earlier, hardening concrete will self-desiccate and the relative humidity (RH) in the 
pore system will decrease over time. This means that the cement paste dilation component (2) 
(‘thermally induced RH-change’) increases and thus contributes to increasing T over time for 
concrete. Measurements of a hardening w/b=0.40 cement paste and corresponding concrete are 
shown in Figure 35. At the end of each test the specimens were water-cured (water cured and 
water-pressurized, respectively) with immediate reduction of T as a result (i.e. elimination of 
component (2)). In the fresh phase (before t0) T is high due to the dominance of free water, which 
has a very high T. 
 
T for different hardening concretes (after t0) is shown in Figure 36. T is generally low around 
setting (from around t0 ) and increases gradually after that. Over time the trend is more T-increase 
for low w/b-ratios, because of the most pronounced self-desiccation. Note that the concrete with the 
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extremely low w/c ratio of 0.23 (high and fast self-desiccation) attains a very high T at an early 
stage, while the concrete with the highest w/b-ratio of 0.6 has the most moderate increase over time 
(slow/moderate self-desiccation). The four concretes with w/b=0.40-0.50 uses very different 
aggregate types. The measurements were carried out in the laboratory by varying the temperature 
of the samples between 23 and 17°C, measuring the thermal dilation during each temperature 
change and then calculating T according to Equation 9. 
 
It should be mentioned that variable results for the time-dependence of T is reported in 
international literature. Constant T over time, increasing T over time and even decreasing T over 
time has been reported. The reasons for this evident discrepancy are not clear, but the type of 
binder and water-to-binder ratio will naturally have an influence. In view of the discussion above it 
appears that a reason may also be lack of moisture control. 
 
 
Table 1 Coefficient of thermal expansion for some minerals and rock types. [110] 
 

Mineral Rock  T    [10-6 / oC] 
Calcite (pure calcium 
carbonate) 

 4 - 6.5 

Plagioclase  3.8 - 5.8 
Quartz  10.6 – 15 
 Limestone 5 
 Marble 6.3 
 Trondheimite 7.2 
 Gneiss 7.3 
 Basalt 8.5 
 Sandstone 11 
 Quartzite 12.1 
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Figure 34 Coefficient of thermal expansion, effect of aggregate content and RH (relevant for concrete: 
65-70 vol% aggregate). [94] 
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Figure 35 Measured coefficient of thermal expansion (CTE) as a function of time (self-desiccation): (a) 
cement paste sample (w/b=0.40) and (b) a concrete sample made with the same cement paste. Based on 
temperature variations between 23 oC and 17 oC. DCS=degree of capillary saturation [82] 
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Figure 36 Laboratory measurements of the coefficient of thermal expansion (T = CTE) over time for 
different concretes with variable water-to-binder (w/b) ratio. [82] 

 

7.4 Thermal dilation and autogenous shrinkage in structures 

The hydration heat always creates thermal changes in hardening structures, as already discussed. 
Thermal dilation and autogenous shrinkage therefore take place simultaneously. Thermal dilation is 
dominant in most cases, but autogenous shrinkage can also play a significant role in many cases, 
particularly in low water-to-binder (high strength) concretes. 
 
In hardening phase stress calculations, the effect of the two driving forces must be implemented by 
means of separate formulations/models. In tests it is simple to measure the total deformation; this is 
done simply by applying a realistic temperature history (T) to a specimen and then measuring the 
total deformation (tot) directly during the test, but what is the thermal- and what is the autogenous 
effect is not obvious. One way to separate the two effects is to conduct tests with rapid temperature 
changes to determine the thermal expansion coefficient (T), and then calculate the thermal dilation 
(T •T). The autogenous shrinkage (as) is then determined as the difference: 
 

Equation 10   as = tot - T •T 

 
Examples from a dilation test program on a w/b=0.40 concrete is shown in Figure 37, where the 
maximum temperature during each test is indicated. The temperatures were imposed to the 
specimens by a temperature control system and also measured in the concrete during each test. The 
different specimen temperature developments (either smooth or step curves) produce mirror images 
as measured total deformation curves. As can be seen, the companion “smooth” and “saw-toothed” 
realistic temperature gives overall the same total deformation, but only the imposed saw-toothed 
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temperatures allow a separation between thermal dilation and autogenous shrinkage.  At each 
temperature step T can be calculated and during each period with constant temperature the 
measured deformation reflects autogenous shrinkage (and swelling (!)) directly.  
 
Calculated T-values from the saw-toothed test “50” are shown in Figure 38. T drops from a high 
value initially, but increases with time after t0, as shown earlier. A variable function is fitted to the 
T-results and such function could in principle be used in stress simulations. The tradition is, 
however, to use a constant (average) T in simulations for simplicity. When a simplified and 
constant T is used to calculate the thermal component from a dilation test the remaining 
deformation is then a somewhat incorrect determination of autogenous shrinkage, see Equation 10. 
However, when the two deformations (thermal+autogenous) are summarized in a simulation the 
sum will be quite correct as long as the overall temperature in the structure is rather similar to the 
one from the test. Therefore, it is proposed to consider what temperatures will occur in the given 
structure before performing a dilation test (see also Ch.15). From a “smooth” temperature dilation 
test the thermal (T) and autogenous part cannot be separated, and T must be “guessed”. The 
deduction of the individual development of the two deformations therefore gets more uncertain. 
Still, as mentioned above, the calculated total deformation in simulations will be quite precise when 
test- and structure temperature are rather similar. 
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Figure 37 Dilation tests: (a) Measured (and imposed) smooth- and “saw-toothed” temperature 
histories, and (b) measured total deformation.[82] 
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Figure 38 Calculated coefficients of thermal expansion (CTE) from the saw-toothed test “50” (as 
shown in Figure 37) 

 
 
The relative importance of thermal dilation and autogenous shrinkage in generating stresses is 
illustrated in the following. The example in Figure 39 shows a concrete specimen that was 
subjected to a realistic temperature history with Tmax = 48°C (Figure 39-a). The total deformation 
was measured directly in a (free) dilation test. Thermal dilation and autogenous shrinkage were 
then deduced by means of the procedure described above (by means of a saw-toothed temperature 
test). Note that the temperature curve in Figure 39-a was calculated first by a 2D-program, then 
applied to the test specimen by means of a temperature control system and simultaneously 
measured in the specimen as control. 
 
In a parallel restraint specimen test (subjected to the same temperature history), the stress was 
measured at 100% restraint conditions, see curve labelled “measured” in Figure 39-b. The restraint 
specimen developed failure in tension after approximately 60 hours. However, what is the most 
important here is the calculated stresses, which are also given in the figure. These are stress 
calculations based on E-modulus and creep data for the same concrete and use of the calculation 
principle “linear superposition with aging effects” [82] . Three calculations were carried out to 
illustrate the relative contribution of thermal dilation and autogenous shrinkage in terms of stress 
generation in this particular test: 
 

1. One calculation with the total deformation from the dilation test as input (Figure 39-a). It 
can be seen that the calculation agrees well with the 100% restraint test (before tensile 
failure), as it should since it is the total deformation that is the driving force to the 
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development of stresses in the test. Note that in calculations the stresses can go far above 
the realistic tensile stress capacity of the concrete. 

2. One calculation using only thermal dilation as input. It can be seen that when autogenous 
shrinkage is not included in the calculation, the calculated compressive phase is 
overestimated and the subsequent tensile phase underestimated. 

3. One calculation using only autogenous shrinkage as input. Not surprisingly, the calculated 
stress now goes directly into tension. It also shows that autogenous shrinkage alone 
contributes to 1.5 MPa tension in the concrete after 1 week (168 hours) and it clearly plays 
a significant role for this particular concrete. 

 
In this specific example autogenous shrinkage contributes to 27% of the tensile stresses after 1 
week, while thermal dilation is responsible for the remaining 73%. In other words, it is absolutely 
necessary to include both types of deformation in stress calculations. The relative contribution from 
autogenous shrinkage may however be different than shown here, depending on the composition of 
the concrete and the temperature history.  
 
An illustration of the influence of autogenous shrinkage on the total deformation of concretes is 
shown in Figure 40, where four different concretes (all with w/b=0.40) display very different 
behaviour despite that the temperature history in the tests was the same. During the cooling phase 
thermal contraction and autogenous shrinkage work “together”, producing the net contraction of 
the concrete. The different behaviour is caused by very different autogenous shrinkage since the 
coefficient of thermal expansion (T) for the concretes varied very little [82], i.e. the concrete 
composition plays a major role for autogenous shrinkage, but less for T (of course assuming 
similar aggregate properties). Larger contraction due to autogenous shrinkage is unfavourable with 
regard to the probability of cracking. 
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Figure 39 a) Free dilation test (from t0), and b) 100% restrained stress for a concrete with w/b=0.40 
subjected to a realistic temperature history. In a) the temperature and total deformation are measured 
directly in the test, while individual contributions from thermal dilation and autogenous shrinkage are 
deduced by means of a supplementary test. In b) one curve is the measured 100% restraint stress and 
three curves are based on calculations (see text). [82] 
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Figure 40 Total (free) deformation from dilation tests (plotted from t0): Four different concretes (all 
with w/b=0.40) were subjected to the same temperature history, as indicated. The different total 
deformation behaviour is due to very different autogenous shrinkage among the concretes. [82] 

 
 
To make general models for autogenous shrinkage has proven to be difficult because the behaviour 
of autogenous shrinkage may totally change its character during realistic (i.e. variable) temperature 
histories. This is especially the case at high maximum temperature histories, which may produce 
thermally induced autogenous swelling. The term autogenous shrinkage is used in this report 
despite the fact that autogenous strains may be both shrinkage and swelling. Thus, a better and 
more neutral term of the phenomenon is probably autogenous deformation. The temperature effect 
on autogenous shrinkage is discusses in for instance [82][93][95][96] and [108][109].  
 
The dilation test example in Figure 41 shows clearly the unsystematic effect of realistic 
temperatures on autogenous shrinkage/swelling, where all tests are for the same concrete [82]. 
Figure 41-a gives the maximum temperature (around 24 hours) in each test as well as measured 
total deformation. For the isothermal test (20 oC) the measured result directly reflects autogenous 
shrinkage since there is no temperature change. The coefficient of thermal expansion (T) for this 
concrete was found in supplementary tests (actually those in Figure 37) and used to deduce 
autogenous shrinkage for the realistic temperature tests, see Figure 41-b. The trend is that the initial 
rate of autogenous shrinkage increases with temperature maxima, but it is clear that the overall 
temperature effect is unsystematic with respect to both the magnitude of autogenous “shrinkage” 
and to the development with time (thus the behaviour cannot be presented coherently by the 
maturity concept). For the “60 oC” case the autogenous deformation even turns to expansion after 
about 3 days. This phenomenon has been observed in several other cases [82][93][94][95][96] – 
and it is considered to be real - but today we do not have sufficient knowledge to predict the 
occurrence of the effect, and far from enough to formulate a general model. For more reading on 
this topic, see APPENDIX 1 and APPENDIX 2. 
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Figure 41 Results from several Dilation rig tests (from t0) on the same concrete subjected to different 
realistic temperature histories. (a) Total deformation (thermal dilation + autogenous shrinkage), where 
the maximum temperature in the test is given. One test had constant (isothermal) temperature (20°C). 
(b) Autogenous shrinkage as deduced from Fig.(a) according to the procedure described in Section 7.4. 
[82]  
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8 Concrete properties input data for simulations  
 

8.1 General 

Hardening phase simulation programs needs continuous data for the concrete property development 
from time=0 (time of mixing) and through the entire hardening phase. For implementation such 
data is normally formulated as mathematical functions after fitting to experimental data, or discrete 
data taken directly from experiments; the choice depending on the degree of freedom given by the 
simulation program. Functions as well as discrete data are normally implemented as a function of 
maturity time, hence many simulation programs uses maturity as time parameter to calculate the 
concrete property development for any arbitrary temperature history. This type of input data can be 
denoted as “empirically based engineering models”, hence the term “model” is somewhat 
pretentious since it is often only a question of curve-fitting of functions to empirical data for a 
given concrete. Examples of such empirically based “models” (i.e. functions and discrete data) are 
given in the following. 
 
Some simulation programs uses what could be denoted as “fundamental materials models”. Such 
models go into the chemistry and various hydration reactions of cement paste and concrete on a 
nano-level and simulate the concrete hardening process through the growth of hydration products 
and pore structure according to w/b-ratio, cement- and aggregate type etc. This type of models and 
programs are not dealt with here, since none have been applied successfully to for instance 
autogenous shrinkage.   
 
 

8.2 Hydration heat 

An exponential function used in Norway for many years for expressing heat generation in concrete 
is given in Equation 11. The function was first introduced by Freisleben-Hansen [27] in Denmark, 
and, for instance, the present simulation programs “4C-Temp&Stress” and “b4-Cast” use this 
function. 
 

Equation 11  
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expQ)t(Q   (Danish model) 

 
where Q(teq) [J/kg] is the heat generation as a function of maturity time 
(=equivalent time) teq [h], Q∞ [J/kg] is the final heat generation after ‘infinite’ time 
and is a curve-fitting parameter together with  [h] and . 

 
An exponential function developed in Sweden is given in Equation 12. The Swedish simulation 
program “ConTeSt-Pro” applies this function. 
 
 

Equation 12  
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  (Swedish model) 

 
where Q(teq) [J/kg] is the heat generation as a function of maturity time 
(=equivalent time) teq [h], W is the final heat generation after ‘infinite’ time and is 
a curve-fitting parameter together with 1, t1 , 1. The parameter 1 is 
mathematically coupled with 1, therefore 1 1.0 is normally used without 
changing the degree of freedom of the function. 
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An example of fitting the two models to experimental data is given in Figure 42. The example is 
for a concrete with a binder consisting of fly-ash (CEM II). As can be seen, the fit between the 
models and the experimental data are quite good, but the models do not quite “capture” the details 
of the hydration heat curve. This “limitation” of exponential functions with regard to fit data is 
typical for concretes where the pozzolanic (silica fume and/or fly ash) addition is considerable. 
Concrete with little or no pozzolans (CEM I) has a more “S-shaped” hydration heat; which is a 
behaviour the models are best suited for. In other words, for this particular concrete, it may be 
adequate to use the experimental data directly in the simulation; some programs give this option 
(see “discrete data” in the figure). However, the use of discrete data or modelled data does not 
necessary give any significant effect on the accuracy in temperature simulations. Anyhow, it is 
worth noting that inaccuracies in the temperature simulation have direct influence on the stress 
simulation.  
 
In Norway an easy-to-use excel sheet made by Smeplass [68] for converting measured temperatures 
from semi-adiabatic calorimeters to isothermal heat data has been used for many years. The excel 
sheet has been updated many times since the original version. 
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Figure 42 Example of isothermal heat (i.e. heat vs. maturity) generation for a concrete (with Cem II/A-
V), and best fit of the two models described above. Discrete data can also be used as input for 
temperature simulations. 
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8.3 Coefficient of thermal expansion 

The thermal dilation is the product of the temperature changes in the structure and the coefficient of 
thermal expansion (T), as discussed earlier. In Norway (and most other countries) a constant 
(average) T is normally used as input for calculations, even though we know that it may vary 
during the hardening phase. This simplified input for T will not introduce much inaccuracy in 
structure simulations of the total deformation provided that the deformation data are based on 
realistic temperature dilation tests and that autogenous shrinkage is deduced according to the 
procedure described in Section 7.4. 
  

8.4 Autogenous shrinkage 

The tradition in Norway has been to implement autogenous shrinkage data for calculations as 
discrete data (vs. maturity), preferably deduced from experiments performed under a temperature 
history that is as realistic as possible for the given field condition. Autogenous shrinkage from 
isothermal tests is first and foremost a reference showing the autogenous shrinkage “potential” for 
a given concrete, but using such isothermal data for simulations is definitely better than having 
nothing at all. Applying the maturity principle blindly to autogenous shrinkage (from isothermal 
tests) is clearly doubtful on a fundamental level, and may be very misleading. If no specific data is 
available, the approach must then be to use other data on rather similar concretes. Naturally, the 
quality of the simulation results will then be more uncertain. 
 
A model for autogenous shrinkage based on empirical results from isothermal tests is actually 
developed in [97]. The general validity of the model appears to be limited as it is an average of 
different concretes as well as is does not take into account realistic (i.e. variable) temperature 
effects. It can however serve as a “first approximation” on the autogenous shrinkage behaviour if 
no other data is available.  
 
Due to the autogenous swelling phenomenon at high and realistic curing temperatures an 
isothermal test is likely to provide inaccurate information on how autogenous shrinkage will 
develop on-site. Free dilation tests performed at realistic temperatures therefore provide the most 
relevant and “safe” data for simulations. When such dilation test(s) shall be carried out this means 
that hydration heat for the specific concrete must be measured prior to the dilation test, followed by 
a temperature simulation of a relevant structure. A representative temperature history from this 
simulation can then be used to control the temperature of the specimen in the dilation test. 
 

8.5 Compressive strength, tensile strength and E-modulus 

The “Danish” model for hydration heat discussed above (Equation 11) has also been used to 
express the mechanical properties: compressive strength, tensile strength and E modulus. If we give 
these properties the symbol “X”, the general equation for the model will then be: 
 

Equation 13   
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where X(teq) is the given mechanical property as a function of maturity time 
(=equivalent time) teq [h], X∞ is the property after ‘infinite’ time and is a curve-
fitting parameter together with  [h] and . 
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At the Norwegian University of Science and Technology (NTNU) a function containing a t0-
parameter was introduced [81][99][101], see Equation 14. The model is a modified CEB-FIP 
model code formulation and is adapted, for instance, in the programs DIANA and in ConTeST-Pro: 
 

Equation 14  
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where X is the mechanical property as a function of maturity time teq [h] (>t0), X28 
is the property at 28 days (=672 hours), s and n are curve-fitting parameters and t0 
is the maturity time when the properties start to develop. The t0-parameter marked 
t0

(*) (=t0) was not present originally in [81], but later introduced in ConTeSt Pro 
[115]. 

 
The Equation 14-formulation for compressive strength fc, tensile strength ft and E modulus Ec, 
respectively, then becomes as follows: 
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Note that the s-parameter is common to all properties, while the n-parameter varies with property 
[99][101]. 
 
In contrast to hydration heat (which is continuous) it takes a certain time for the concrete to 
develop mechanical properties. Therefore, the parameter t0 is common in the above functions and it 
is very useful for stress calculations since it ensures a consistent (and realistic) starting point for the 
properties and, thus, the stress development in simulations. The maturity time at which mechanical 
properties start to develop (i.e. at t0 from which stresses start to develop) corresponds typically to a 
degree of hydration of 10-20% [101][103]. 
 
In addition to the t0 parameter, the parameter s is also common, and it can therefore in principle be 
determined from compressive strength tests. Note that the compressive strength is not part of stress 
simulations, but it is generally used as a “tool” to determine the temperature sensitivity (activation 
energy) of the concrete and, thus, for all the other properties. 
 
For tensile strength ft and E-modulus Ec it then remains to determine their 28-day value and the 
associated curve-fit parameter nt and nE [99][101]. 
 
Figure 43 is based on experiments and shows the relative mechanical property development over 
time expressed by the above functions. Relative development means that the properties are related 
to their 28-day value and all are therefore 1.0 after 28 days. We see that t0 is 10 hours for this 
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concrete. The figure illustrates a typical feature for concrete: the relative development of the E-
modulus (E) is fast, the tensile strength (ft) somewhat slower and the compressive strength (fc) is 
the slowest. In principle this is unfortunate in that an early deformation is multiplied by an early E 
to produce a stress that may challenge the slower ft. 
 
Examples of the “Danish” model (Equation 13, Model I) and the ‘NTNU’ model (Equation 14, 
Model II) fitted to experimental E-modulus data are shown in Figure 44. It is clear that the models 
are quite different – particularly at the start. The disadvantage of Model I is that it has no t0-
parameter and therefore expresses E-modulus values in the fresh phase – which is not correct, and 
stresses will be overestimated in the early phase and this will then result in a permanent inaccuracy 
throughout the entire calculation period. Model II (Equation 14), on the other hand, expresses to a 
larger extent the real concrete behaviour. 
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Figure 43 Example of the relative development of E modulus (E), tensile strength (ft), and compressive 
strength (fc). The properties have been normalised with regard to their 28-day value, i.e. all properties 
are 1.0 at 28 days (= 672 hours). The curves are based on experimental data.[99] 
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Figure 44 Example of curve-fitting to experimental E-modulus data. Model I=Equation 13 and Model 
II=Equation 14. 
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8.6 Uniaxial tensile strength versus splitting strength 

The tensile strength of concrete is normally determined by either splitting tests or uniaxial (direct) 
tension tests, see Figure 45. Uniaxial tensile strength are considered to be the most true tensile 
failure property, hence in uniaxial tests the failure load directly reflects the tensile strength. 
Splitting tests is an indirect method and the compressive failure load (P) from the test must be 
transferred to splitting tensile strength by use of the formula shown in Figure 45. It is important to 
note that the results from the two methods may be quite different.  
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Figure 45 Set-up for testing tensile strength. Uniaxial strength test on prisms (left) and splitting 
strength test on cubes or cylinders (right) 

 
A number of parallel uniaxial and splitting tests on various concretes were reported at NTNU in 
[99]. The uniaxial tests were on 100x100x600 mm prisms, while the splitting tests were on both 
100x200 mm cylinders and 100 mm cubes.  Applying linear regression analysis, the following 
relations between uniaxial tensile (ft) and splitting strength (fts) were found:  
 

Equation 15  53.079.0  tst ff        (100x200 mm cylinders) 

Equation 16  21.077.0  tst ff       (100 mm cubes) 

 
Only splitting strength values larger than 1.5 MPa were included, since lower values gave 
somewhat different trends and considered less certain as well as less practically relevant. The 
results are shown in Figure 46. If all results above 1.5 MPa are included, the standard deviation of 
the curves was 0.36 MPa both for the cylinders and the cubes. This is true under the assumption 
that the results have a normal distribution. Thus, either type of splitting test may be used to 
estimate the uniaxial tensile strength.  
 
With increasing strength (i.e. increasing maturity) the trend is that splitting strength gives higher 
values than uniaxial strength. The trend is most pronounced for splitting strength from 100 mm 
cubes, giving more than 20% higher strength value than uniaxial strength for high strength values. 
Consequently, when calculating the crack index in crack risk assessments the use of splitting 
strength results directly will underestimate the cracking risk. 
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The results shown were based on concretes with w/b=0.40 (mainly CEM I) and standard 
Norwegian laboratory aggregate (from Årdal). It is likely that the correlation between splitting 
strength and uniaxial strength depends on w/b-ratio, binder- and aggregate type, hence the 
correlation may be different for other concretes than shown here. The lesson to be learned from this 
is that uniaxial tensile strength should be used when calculating the crack index, but the uniaxial 
strength can be deduced from splitting tests if a correlation is established. The most relevant tensile 
strength values in crack risk assessments are in the period when the critical time for cracking 
occurs, for many cases corresponding to a time of somewhere around 1-2 weeks of realistic curing 
temperature. 

0

1

2

3

4

5

6

0 1 2 3 4 5 6
Splitting strength (MPa)

U
n

ia
x

ia
l t

e
n

si
le

 s
tr

en
g

th
 (

M
P

a)

Cylinders

Linear relation cylinders

Cubes

Linear relation cubes

 
 

Figure 46 Uniaxial tensile strength versus splitting strength of 100x200 mm cylinders and 100 mm 
cubes. Each mark represents the mean strength of two or three specimen. [99] 

 

8.7 Creep 

Early age creep of concrete is generally measured in the laboratory by applying a constant load to 
specimens after different curing times and under isothermal conditions. In computer programs for 
time-dependent analysis of concrete structures, the creep modelling is usually based on linear 
visco-elasticity for ageing materials. For a general stress history, the strain  (and stress ) can in 
principle be determined from: 
 

Equation 17   )t()t()'t(d)'t,t(J)t( Tas

t

0

     

Where t is the concrete age and t’ the concrete age when the actual stress increment is 
applied, while as represents the autogenous shrinkage and T the thermal dilation. J(t,t’) is 
the compliance function (stress-dependent deformation). 

 
The simple “Double power law” (DPL) has proven useful to express the creep development  in 
hardening concrete (though many other formulations also exist). The compliance function J(t,t’), 
the creep ratio (t,t’), and the modulus of elasticity (Ec) can then be given by the following 
equations: 
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Equation 19  
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 Where te is the maturity (or equivalent time), te’ is the maturity time at loading. t is the 
actual time, t’ is the actual time when the stress increment is applied, and o, d and p are the 
DPL model parameters. The expression for the E-modulus is the modified version of the 
CEB-FIB model, as shown earlier. 

 
Figure 47 compares the compliance function J(t,t’) to compressive creep test results at NTNU. The 
values of the DPL creep model parameters o, d and p were optimized to obtain the good 
agreement in the figure. The vertical part of each curve up to the indicated dots is defined as the 
elastic strain, while the rest is time-dependent creep strain.  
 
Early age creep (visco-elasticity) of concrete has been a subject of much attention for many years. 
For Norwegian research, see for instance [84][83][85]. It is probably the most complex property to 
understand on a fundamental level. Creep results from simple isothermal laboratory tests and 
curve-fitting, such as shown in Figure 47, have however shown to give an acceptable basis for 
estimation of the time-dependent strains/stresses in structure simulations. This is in despite of the 
fact that creep depends on, for instance, type of stress (compression or tension), stress level, time of 
loading, temperature changes and temperature level. The implication of this is that all these effects 
are secondary (or self-compensating?) compared to the “basic” creep that is measured during 
standard laboratory conditions. This is comforting since these “extra”-effects are very challenging 
to verify accurately by experiments.  
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Figure 47 Compressive creep, test results and Double Power Law (DPL) model [84] 
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9 Simulation programs and input 
 

9.1 Simulation programs 

Simulation of the heat-flow in 1D, 2D and 3D simulations is illustrated in Figure 48. In 2D-
simulations the temperature field in the mid-section (x-y plane) is calculated, assuming that all 
cross-sections in the structure have the same temperature field. This approximation is in most cases 
very accurate since only the end parts of the structure is subjected to heat exchange from the end 
surfaces. Thus, 2D simulates heat in the x-y plane and stresses out of the plane (z). In 3D 
simulations both heat flow and stress calculations are in the x, y and z direction (Figure 48 shows 
only half of the 3D-structure) 
 
2D-programs usually model only a slice (the 2D cross-section) of the structure. The temperature 
development in the structure and temperature gradients over the cross-section can be accurately 
predicted. However, in order to calculate the principal (longitudinal) stress out of the plane, which 
is normally the important issue regarding through-cracking, simplifications must be done 
(compensation plane method, or Navier-Bernoulli hypothesis for infinitely long structure 
assumptions [118]). This ability to make assumptions on the structural response in the 3rd 
dimension is the reason why 2D programs are often denoted “2½D” programs. Consequently, the 
adequate use of 2D programs requires knowledge of the total 3D structural response and the 
transformation into 2D and 2½D models.  
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Figure 48 Illustration of directions of heat-flow in 1D (x), 2D (x-y) and 3D (x-y-z) simulations. In both 
2D and 3D simulations the critical stress in the longitudinal z-direction can be calculated 

 
Below is a list of some available 1D, 2D and 3D commercial simulation programs commonly used 
in the Nordic countries.  
 
HETT97 (1D): Swedish (Cementa) user-friendly software that NORCEM has adapted to 
Norwegian conditions. The program is 1-dimensional (1D) and simulates temperature and 
compressive strength development, i.e. it is a “traditional curing technology program” and do not 
calculate stresses. Can be downloaded free of charge from the Norcem internet website. 
 
4C-Temp&Stress (2½D): Danish user-friendly program for temperature and stress simulations. 
Available from the Danish Technological Institute (DTI). 
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ConTeSt (2½D): User-friendly program for temperature and stress simulations. The program is in 
regular use by consultants and contractors in Sweden, and also in other countries. Available from 
JEJMS Concrete AB. 
 
CrackTeSt-COIN (2½D): This is a modified version of the ConTeSt-program, adjusted to 
Norwegian modelling tradition and concrete mix design. The making of this program version was 
initiated by the COIN-project and the modification work was done in 2011. The program will be 
available commercially from 2012. 
 
b4cast (3D): Specially designed 3D temperature and stress simulation program. The program uses 
the same materials models as in 4C-Temp&Stress. Available from ConTech Analysis ApS. 
 
DIANA (3D): The program is originally designed for general structural applications. A special 
module for hardening concrete is developed (In Norway, previously used only at NTNU). The 
original program is made at TNO Building and Construction, The Netherlands.  
 
A number of other simulation programs also exist on the world market. The main difference 
between programs is the input-formulations of concrete properties, as well as the complexity (2D, 
3D). All are in principle just as applicable if they are used in a sensible manner (important: good fit 
with experimental data, 3D-program for particular 3D-problems, 2D for 2D-problems or adequate 
transformation of 3D-problems to 2½D-simulations). When it comes to process time it is roughly a 
question of seconds for 1D-simulations, minutes for 2D and hours/days for 3D. 
 

9.2 Input data for 2D and 3D programs, brief overview 

Some programs contain complete sets of input materials data for the property development for 
specific “default” concretes which previously have been documented experimentally. In a building 
project, the actual concrete will generally differ from the “default”-concretes in a program, even 
though they may look quite similar. In some projects all necessary input properties have been 
determined experimentally for the actual concrete. In any case, for increasing number of properties 
that are determined experimentally the simulation results get more reliable. Below is given the 
various input data that is required in temperature and stress simulations, involving concrete 
properties, boundary conditions and structural response. 
 
Input data: Concrete properties - hardening concrete 
- Hydration heat, density, specific heat, cement (binder) content, thermal conductivity 
- Coefficient of thermal expansion  
- Autogenous shrinkage 
- E-modulus 
- Creep 
- Tensile strength 
- Compressive strength  
- Poisson ratio 
 

Input data: Concrete properties - old/mature (restraining) concrete 
If the older structure is completely cooled, hydration heat and autogenous shrinkage is set to be 
zero, and for the mechanical properties a constant value are often used (for instance the 28-days 
values) and creep may be set to be zero, but the values should be evaluated in each case. If the old 
structure is not completely cooled (which is beneficial) at casting of the new element, one 
alternative is to utilize a sequential simulation where both structural elements are given full input 
data sets for hardening concrete where the casting sequence is reflected in the simulation.  
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Geometry of structure 
Definition of cross-section of old and newly cast structures (2D), including ground conditions. For 
3D the entire geometry of the structure must be defined.  
 
Boundary conditions 
- Air temperature 
- Wind velocity, as well as thermal conductivity and thickness of formwork and insulation 

materials (which gives the overall heat exchange across the boundary) 
- Definitions of the ground or boundary condition for the surface of the structure that faces 

towards the ground. 
- Time of formwork removal and, if used, insulation properties of subsequent surface cover 

 
Simulation 
Initial temperature of ground and old concrete, as well as fresh concrete temperature of newly cast 
concrete must be set.  
In order to simulate the casting process, which may take several hours/days in reality; most 
programs open for including the casting sequence.  
 
When using cooling pipes in the hardening concrete the number of pipes and their placement in the 
structure must be defined, as well as the cooling water temperature and the size and thermal 
conductivity of the pipes.  
 
When using heating cables in the old (restraining) structure the number of cables and their 
placement in the structure must be defined, as well as their output (heat flux).  
 
The fineness of the finite element net must be defined. 
Total process time (hydration time) to be calculated must be defined, normally 2-4 weeks. 
 
The temperature simulation is always performed first: Temperature, maturity and the concrete 
property development over time is then calculated for the entire cross-section (2D) (or for the entire 
structure for 3D). 
 
The subsequent stress simulation requires static/support conditions, i.e. point support or line 
support, and the freedom of movement of each support. For 2D-simulations freedom of translation 
in the longitudinal z-direction and freedom of rotation in x and y direction must be defined, see 
Figure 49. The stress development over time is calculated for the entire cross-section (2D) (or for 
the entire structure for 3D).  
 
Optional simulation results can be presented and printed out; for instance: 
- temperature development over time for chosen points in the structure, or iso-curves for the cross-
section at chosen times. 
- maturity, compressive strength, E-modulus and tensile strength development over time. 
- stress or crack index (stress/tensile strength-ratio) development over time, or iso-curves for 
chosen times. 
 
Simulations can easily be repeated with changed boundary conditions to identify, for instance, 
critical climatic conditions with regard to cracking, or to study the effect of countermeasures such 
as changing the casting sequence, lowering the fresh concrete temperature, cooling pipes, heating 
cables etc. The effect of replacing the concrete with another concrete (if data are available) can 
naturally also be studied. 
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Translation in z-direction  Rotation around x-axis   Rotation around y-axis 
 

Figure 49 Possible freedom of movement in the model “Compensated Plane” or “Plane Surface 
Analysis” [106] 
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10 Simplified simulation methods 
 

10.1 General 

The stress generation in hardening concrete can be calculated by simplified hand methods, 
simplified engineering methods, and advanced 2-dimensional (2D) or 3-dimensional (3D) finite 
element structural simulations. This chapter gives a brief introduction to stress calculations, but do 
not go into detail with regard to the numerical solutions that are applied by advanced computer 
programs – this is not the target of the present report. 
 
To shorten the time-consumption for hardening concrete crack-risk evaluations simplified methods 
can be useful; at least they can give an estimate of the crack-risk for given concretes/structures or 
on the effect of countermeasures on-site. Simplified methods must be experience-based, i.e. they 
must be verified against advanced simulations and/or stress-measurements in the laboratory. When 
this is done, it is claimed that simplified methods can be used for a variety of structural 
configurations with satisfactory accuracy [117][118][124]. The accuracy of simplified methods 
may be questioned, however, for concretes that have very different composition than those used for 
developing the simplified method parameters. Common for simplified methods is that they need a 
realistic temperature development for the given structure and also a realistic degree of restraint for 
the critical area in the structure. Hence, a temperature analysis of the given structure is required, as 
a minimum, whereas the relevant restraint factor can be estimated using existing diagrams based on 
previous advanced computer simulations. 
 
Advanced 2D- and 3D finite element calculation programs simulate the entire stress history and 
predict the critical time for cracking and the critical positions in the structure. The degree of 
restraint is an integral and “automatic” part of such simulations. Advanced simulations can be time-
consuming, but for complex structural geometries the accuracy is better than simplified methods, 
not surprisingly. It is sensible (and economical) to apply advanced simulation methods for instance 
when the structural complexity is high or when crack avoidance is of greatest importance for water-
tightness and functionality. 
 
Common for all methods is that they require relevant input data for the material properties of the 
given concrete. A simplified hand method and an engineering method for stress calculations are 
discussed in the following sections.  
 

10.2 Hand method – Age adjusted effective E-modulus (AEM) method 

This method, first time applied to hardening concrete by Larson in 2001 [117][124], neglects the 
compressive phase (the heating phase) for the externally restrained concrete member, and thus it 
considers only the period with tensile stress development during the cooling phase. The tensile 
stress develops from the “second zero stress time” t2 [in days] and “second zero stress temperature” 
T2, see Figure 50. (note that the first zero stress time and -temperature (ts and Ts) in the figure 
corresponds to “our” t0 discussed earlier). 
 
The time t2 [days] will occur shortly after the temperature has started to cool and can be found 
according to a k2-factor, illustrated in Figure 51, which is given as: 

  

Equation 20  T2 - T0 = k2 x (T1 - Ts)  

 
For k2 the following expression has been proposed [117]: 
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Equation 21  2 1, 41 1,36
w

k
b

    

This expression for k2 was developed in Sweden and is based on typical national concretes. 
According to this expression k2 becomes 0.866 for a high performance concrete with water-to-
binder (w/b) ratio of 0.40. For “Norwegian” concretes, however, it was found by Kanstad in [118] 
(see also APPENDIX 3) that k2=0.92 gave the best agreement with experimental results. This 
means that t2 is considerably closer to the temperature maximum than given by Equation 21. The 
main reason is probably larger autogenous shrinkage in the investigated Norwegian concretes. In 
the calculation procedure, when k2 is known, the time t2 can be determined from the temperature-
time curve after T2 have been determined according to Equation 20.  Furthermore it is assumed that 
the sum (tot) of autogenous shrinkage (as) and thermal dilation (T) occurring after t2 is the stress-
generating strain at t3: 
 

Equation 22  TasTastot α)T(T),t(tεε),t(tε),t(tε  23323232  

 
The stress is applied in one step at t2, see Figure 52. The effective long-term E-modulus (Eeff) used 
in ordinary structural design methods (calculation of deformations and stresses), /(1 )eff cE E    

is based on the assumption that the concrete stress is approximately constant in time. To 
compensate for the gradual stress development in hardening concrete, which occurs after t2 in this 
case, the creep-ratio () in the effective E-modulus expression is multiplied by a reduction factor; 
termed the aging coefficient XAEM. The age adjusted effective E-modulus, EAEM, is then expressed 
as:  
 

Equation 23  
)t,t(X1

)t(E
E

32AEM

2c
AEM 

  

 
Where t3  is the time [in days] when the crack risk is to be determined, t2 [days] is the 
time at zero stress, EC(t2) is the E-modulus at t2, and (t2,t3) is the creep ratio 
representing the creep at t3 for stress applied at t2. 

 
In [126] the following expression for the aging coefficient was used:  
 
Equation 24  20,69 0,005AEMX t    

 
In the investigation by Kanstad [118] it was not possible to find another expression or a 
modification of this equation which gave better agreement with the “Norwegian” test results. 
Finally the stress may be calculated as: 
 
Equation 25  REttt AEMtot  ),()( 323   

 
Which then becomes: 
 

Equation 26  R
ttX

tE
TTttt

AEM

c
Tas 
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))(),(()(

32

2
23323 

  

 
   where R is the restraint factor 
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Time period for 
simplified calculations

 
 

Figure 50 Typical temperature and stress 
development in hardening concrete subjected to 
external restraint. Tensile stress starts to develop 
at the “second zero stress” time t2 and 
temperature T2. 

 

 
 

 
Figure 51 Illustration of the evaluation of T2 and t2 by 
means of k2.[124] 

 

 
 

 
 
Figure 52 Simplified stress history used in the AEM method 
[118] 
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10.3 Hand method (AEM), calculation example 

An example of the use of the age adjusted effective E-modulus (AEM) method is shown in the 
following. The experimental results in Figure 53 were measured for a given concrete with water-to-
binder (w/b) ratio of 0.40: Temperature and free deformation (Figure 53-a), E-modulus (Figure 53-
b) and creep (Figure 53-c). t0 was found to be 10 hours for this concrete. Note that the time-scale in 
Figure 53 is [hours], but the time that should be used in the AEM-calculation is [days]. Our task is 
to calculate the tensile stress (t3) after t3=7 days (168 hours) for a case were this concrete is 
subjected to 100% restraint (R=1.0) and a temperature history similar to the one in the test (Figure 
53-a). From Figure 53 we can read (and calculate) the following values: 
T0 = 25 oC 
T1 = 40 oC 
 

k2 = 0.866 (according to Equation 21 for w/b=0.40) 
T2 = 38 oC (according to Equation 20), which gives from Figure 53 that: 
t2 = 1.29 days (31 hours) 
 

tot(t2) = -27.10-6 
tot(t3) = 143.10-6 
tot(t2,t3) = tot(t3) - tot(t2) = 143.10-6  - (-27.10-6) = 170.10-6 

 

Ec(t2) = 30.2 GPa = 30200 MPa 
 

(t2,t3) = 1.03 
XAEM = 0.696 (according to Equation 24 for t2 = 1.29 days) 
 

EAEM = 17.6 GPa = 17600 MPa (according to Equation 23) 
 

Finally, we are ready to calculate the stress (t3) according to Equation 25: 
RE)t,t()t( AEM32tot3   

hence: 
MPa0.30.1MPa1760010170)t( 6

3    

 
The calculated stress (t3) for this case fits perfectly with what was actually measured 
experimentally for this concrete in a 100% restraint stress test performed under exactly the same 
temperature history as given in Figure 53-a. The stress measurement is shown in Figure 54, which 
also gives the measured tensile strength of the concrete. As can be seen, (t3) at t3=7 days (168 
hours) was 3.0 MPa. One important reason for this correspondence between calculated and 
measured stress is that all materials input to this AEM-calculation is based on experiments.  
 
It can also be seen from Figure 54 that the tensile strength ft(t3) after 7 days is 3.1 MPa, thus the 
crack index (Ci) (Equation 1) is at that time: 
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For this case with 100% restraint it is obvious that the concrete is very close to cracking. When 
simulations are required in projects the calculated Ci must be considerably lower than 1.0 to ensure 
safety against cracking. For instance, Ci<0.75 have been required sometimes for pre-documentation 
by calculations. In order to satisfy this requirement for our case this means that the concrete stress 
max(t3) at 7 days cannot exceed: MPa33.2MPa1.375.0)t(fC)t( 3ti3max   
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Figure 53 Test results on a concrete (w/b=0.40): Development of (a) Temperature and free 
deformation, (b) E-modulus, (c) Specific creep. [82][84] 
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Figure 54  Test results on the same concrete (w/b=0.40) as in Figure 53: Development of restraint stress 
(R=1.0) and tensile strength. [82] 

 
To proceed further with these numbers; the degree of restraint (R) for a structure that is to be built 
with the given concrete (and the given temperature history) then cannot be higher than 78%, 
according to: 
 

78.0
MPa0.3

MPa33.2

)t(

)t(
R

3

3max 



  

 
Furthermore, it is notable that the time of second-zero-stress t2 was 31 hours (1.29 days) according 
to the AEM-method whereas the stress test in Figure 54 shows that t2 was 28 hours (1.17 days). If 
this value (t2=1.17 days) is used throughout the calculation it will not change (t3) much for this 
particular case. It would however lead to a higher tot(t2,t3), a higher (t2,t3) and a lower Ec(t2), but 
the product of these effects will be no significant change in (t3). 
 
Finally, for an “unknown” concrete, imagine that we only knew the w/b-ratio, the temperature 
history and the structural restraint. This would lead to assumptions regarding T, as, Ec and  which 
would make the calculation very uncertain. Of course, the better we know these parameters, the 
better the calculation becomes. This holds for all types of calculations, also 2D and 3D finite 
element computer simulations.  
 
The space that is given for the 1D hand-method in this section is not proportional to its application 
in practice where more advanced simulation methods are generally used, but the method is 
illustrative in the way that it shows the principles of a stress calculation where relevant 
experimentally-based concrete properties are input. 
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10.4 Three-step engineering method 

The method described in the following is often denoted “the Skanska engineering method”. The 
basic idea of the method is to make crack risk simulations possible with the use of any commercial 
finite element programs [98]. The method has been verified against a 3D model, and the accuracy 
is claimed to be very satisfactory [98][99]. The three steps of the engineering model are, see also 
Figure 55: 
 

1. Temperature and maturity analysis 
2. Restraint analysis 
3. Non-linear stress analysis: Simplified model 

 

 
 

Figure 55 The three principal steps in the engineering method [98] 

 
 
Step 1: 
The temperature analysis must be done for the actual cross section of the structure, for instance by 
a commercial 2D or even 1D program. Realistic field conditions and concrete properties must be 
given in the analysis. This analysis gives a relevant temperature history and, thus, the relevant 
maturity development. This again makes it possible to calculate the appropriate E-modulus 
development for the hardening concrete structure, for instance expressed by Equation 14, see 
Section 8.5. 
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Step 2: 
To find the restraint two linear simulations are carried out. The first one is to find the average 
restraint during the heating phase and the second to find the average restraint during the cooling 
phase. During these restraint analyses an arbitrary temperature “load” is applied to the newly cast 
concrete, and temperature is also the only load. The old adjoining/restraining structure is assumed 
to have a fully developed E-modulus. The restraint simulations (to find Rz) can be either 2D or 3D 
depending on the geometry of the structure. The linear elastic restraint stress due to the temperature 
load is then found over time and the stress is compared to the “maximum stress level” defined as 
the stress level achieved if the restraint had been 100%, i.e. no strain in the longitudinal z-direction: 
 

Equation 27 

  where 

 
 
 
R will be between 0 and 100%, and the point with the highest risk of cracking can then be found 
from the maximum of the product T R, where T is found during the previous step 1. 
 
The relation of stiffness between the new (for instance a wall) and the old adjacent concrete that 
represents the point with the highest risk of cracking can be calculated from a derivation using two 
parallel-coupled beams where one represents the new concrete and the other the old restraining 
concrete, and the result becomes:  
 

Equation 28 

  where 

 
 
 
Step 3: 
In the stress analysis the studied part is a cube cut from the new concrete with the highest risk of 
cracking, see Figure 56. The size of the old adjoining structure, giving the correct R, is determined 
according to Equation 28. The temperature of the adjoining structure is normally kept constant in 
the analysis, if it has cooled to the ambient temperature. All involved concrete properties is then 
implemented and when the stress is simulated the crack index (Ci) can be calculated. 
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Figure 56 Simplified model, non-linear stress analysis [98]. Maximum allowable crack index, Ci, is 0.7 
in the figure. 

 
 

10.5 Three-step engineering method, calculation example 

A 800 mm thick, 5 m high and 25 m long wall is to be cast on a 1 m thick and 5 m wide hardened 
slab, see Figure 57. In the following example an assessment of the cracking tendency of this 
structure is performed by using the principles of the three-step engineering method. 
 
The scope is to study the cracking tendency of the wall. We have the choice between two 
concretes, which have been tested experimentally. Hence, input data for the two concretes are 
available.  
 

t=1 m

H=5 m

L=25 m

t=0.8 m

W=5 m

t=1 m

H=5 m

L=25 m

t=0.8 m

W=5 m  

Figure 57 Wall on slab structure to be cast 
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The used simulation procedure is somewhat simplified compared to the original three-step method 
described in the previous section:  
 

T

1)

2D-simulation to get
T-development

2) Restraint taken from 
previous 3D-simulations

3) 1D-simulation

T

1)

2D-simulation to get
T-development

2) Restraint taken from 
previous 3D-simulations

3) 1D-simulation  

 
Step 1 is identical to the original method. A 
2D-temperature simulation is performed to 
get the relevant thermal “load” in the wall 
for each concrete. 
 
In Step 2 the restraint is simply picked from 
3D-simulation data available in the 
literature. 
 
Step 3 consists of a 1D-simulation that use 
the temperature development from step 1 
and the restraint from step 2, as well as the 
input data we have from previous 
experimental tests. 

 
The two concretes under investigation are:  
- Concrete A: a traditional Norwegian structural concrete made with CEM I type cement and mass 
ratio of 0.40 [82] [84][101]. 
- Concrete B: a concrete that was developed for one of the projects of the submerged tunnel system 
in Bjørvika, Oslo, with a high fly-ash content and mass ratio of 0.45 [102][85]. 
 
Step 1: 2D temperature simulation: 
These kinds of simulations are dealt with in more detail in the following chapters. For this case 
rather harsh winter conditions were chosen for the 2D-simulation: 
Air temperature = -7 oC, wind = 4 m/s 
Formwork = 18 mm plywood, removed after 168 hours (1 week) 
Fresh concrete temperature = 10 oC 
Slab temperature at casting = -3 oC, Ground temperature = 0 oC 
And, concrete properties from available sources; based on previous experiments. 
 
The structure as drawn in the 2D-program (4C-Temp&Stress), and calculated average temperature 
for the wall is shown in Figure 58. 
 

Hardening wall

Old slab

Gravel

 

-10

0

10

20

30

40

50

0 168 336 504 672

Time after mixing (h)

T
e

m
p

e
ra

tu
re

 (
o

C
)

Concrete A

Concrete B

 
Figure 58 Structure drawn for the 2D-simulation (left) and calculated average temperature 
development in the wall for Concrete A and Concrete B (right) 
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Step 2: Degree of restraint 
Previous 3D-calculations for structures very relevant for our case was performed in [116], see 
Figure 59, where ground stiffness (gravel) was set to k=60 MN/m2. The critical point with regard to 
cracking is generally around one wall-thickness up from the joint. The 3D-calculations below are 
for a wall with thickness=0.65 m, and the restraint (R) in the critical point for this wall is, as 
shown, R=0.55. In our case the wall is a bit thicker (0.8 m) something that means theoretically that 
the degree of restraint may be slightly lower than 0.55. However, the slightly conservative and 
single value R=0.55 is used further here for our 0.8 m thick wall. The simulations in Figure 59 
assume that the average ratio between the E-modulus of the hardening wall to the (constant) E-
modulus of the restraining slab is 0.93. This ratio between new and old concrete has shown to be a 
rather accurate estimate for restraint analyses, provided that both wall and slab is made with the 
same concrete. 
 

 

Figure 59 Degree of restraint from 3D-simulations [116] for wall thickness=0.65 m, wall height=5m, 
wall length=25 m and slab width 5 m (s5) and 2.8 m (s28), respectively. 

 
Step 3: 1D-Stress calculation 
The stress calculations performed here are based on linear visco-elasticity for aging materials. The 
calculation is performed incrementally in an Excel spreadsheet. For a general stress history, the 
concrete strains are in principle determined as: 

)t()'t(d)'t,t,t(J)t( Tot

t

0

'
ec     

Tot is the total free strain (thermal dilation + autogenous deformation) measured during the 
Dilation Rig test and c is the concrete strain. The compliance function J(t,t’) and the creep ratio 
(t,t’) is defined as: 
 

)',(1(
)(

1
)',(

'
tt

tE
ttJ

e

 )             and p
eo ttttt

d

)'(),( '' 


     

   

In these equations t is the actual time (concrete age in days), t’ the time when a stress increment 
(d) is applied, and te’ is the maturity at t’.  
 
The stress () for a full restraint situation is calculated first, hence c(t) is set to be zero. All 
concrete properties are implemented according to the available experimental data. The relevant 
stress for our structural case is then found by multiplying the calculated stress by the restraint factor 
(=0.55). The 1D system that is calculated is illustrated in Figure 60. 
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The calculation results for the two concretes, at the given site-conditions given above, are shown in 
Figure 61; the stress at R=1 and R=0.55 as well as the tensile strength are given in the figure. 
Figure 62 shows the crack index development for R=0.55. It is obvious that the slow and moderate 
hydration heat (and also very moderate autogenous shrinkage) of Concrete B is beneficial in terms 
of reducing the crack index, and the maximum crack index value for this concrete is 0.53, while for 
Concrete A the maximum crack index is 0.89. Even though both concretes display crack indices 
below 1.0, cracking is likely to occur now and then for Concrete A. See Chapter 12 for more on 
reliability of the crack index. 
 
If desired, other site-conditions can now easily be investigated by repeating Step 1 and 3 (the 
restraint found in Step 2 can be regarded as invariant). If a crack-free structure is of great 
importance the use of Concrete A probably demands for countermeasures such as cooling pipes in 
the wall or heating cables in the slab. The effect of such countermeasures can be incorporated in the 
temperature simulation in Step 1. Furthermore, shortening the casting length may be beneficial as it 
reduces the restraint (step 2 consideration). 
 
  

T

 
Figure 60 1D-system for initial stress calculation of 100% restraint (R=1.0) stresses. Input: The 
temperature development from Step 1 and relevant materials input data from previous experimental 
tests. 
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Figure 61 Calculated stress development (1D) for concrete A and B; for full restraint (R=1.0) and 55% 
restraint (R=0.55). 
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Figure 62 Crack index (ratio concrete stress at R=0.55 to tensile strength) for concrete A and B for the 
wall temperature relevant for the given site-conditions. 
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11 Example of a 2D calculation  
 
Examples taken from a simulation by the ConTeSt-Pro program are shown in Figure 63 and Figure 
64. The simulated wall structure contains a given concrete and amount of embedded cooling pipes. 
A crack index < 0.7 was set as criteria for ensuring a crack-free structure. The simulation shows 
that the applied amount of cooling pipes is not enough to achieve a sufficiently low crack index for 
the given conditions, see Figure 64 (right figure) where white areas indicates crack indices > 0.7. 
The volume of cooling pipes must be increased to ensure a crack-free structure, or other actions 
must be taken. Go ahead, simulate! 
 
 

Ground

Slab

Wall

Figure 63 Example from a ConTest-Pro simulation: Sketching of cross-section and structural parts 
including cooling pipes (left) and generated element net (right). In this case the cooling pipes are fixed 
to the inner-side of the outer layer of reinforcement. 

 
Stress/strength-ratio (x 10)

Figure 64 Example from a ConTest-simulation: Iso-curves for temperature at the time of maximum 
temperature in the wall (left) and iso-curves for the crack index (stress/strength-ratio) at the later 
critical time of cracking (right), where white areas indicate crack indices > 70% (0.7) 
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12 Variability and crack risk criteria 
 
All the involved parameters forming the basis for the stress simulations are associated with a 
certain uncertainty/variability. The properties of concrete are stochastic variables that we simplify 
by “models” (functions or discrete data) based on average results from experiments, which we then 
use in the simulations. Regarding the climatic- and on-site (boundary) conditions there are always 
some uncertainty and the relevant input must be assumed according to the most probable weather 
for the season and the insulating properties for the formwork materials. The output from 
simulations is therefore associated with uncertainty, and what we get from simulations is therefore 
a probability for cracking (or not) within a certain level of confidence. This is illustrated in Figure 
65 which assumes that the calculated stress and the measured tensile strength are normally 
distributed quantities. Furthermore, through counter-measures against cracking we then can 
simulate the consequence in terms of a decreased probability of cracking.  
 
 

 
Figure 65 Illustration of uncertainty in stress calulations, and subsequently in the calculation of the 
crack index. 
 
 
The level of confidence of simulations is impossible to verify accurately as it is more or less 
impossible to verify the actual properties and stresses in a real structure. However, through 
experience different “safety levels” have been proposed, see below. 
 
Cracking occurs when stresses reach the tensile strength capacity of the concrete, hence the Crack 
Index (Ci = the stress/strength-ratio) becomes 1.0. A crack risk criteria must take the aspects of 
variation into consideration. Hence, if it is of vital importance to obtain a high safety against 
cracking in a structure, the simulated Ci should be considerably lower than 1.0. 
 
Assuming normal distributed and independent variables, the upper characteristic value (ck) of the 
calculated stress (c) from a simulation is given as: 
 

Equation 29    skcck   

 
where k defines the confidence interval and s is the standard deviation for the calculated 
stress. 

 
The tensile strength (ft) of concrete has also its variability, hence the lower characteristic value (ftk) 
of the tensile strength becomes: 
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Equation 30   ttttk skff   

 
where kt defines the confidence interval and st is the standard deviation for the tensile 
strength 

 
A crack risk criteria must therefore be derived from the upper characteristic (calculated) stress and 
lower characteristic tensile strength, hence: 
 

Equation 31   0.1
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Which can be expressed as: 
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t

tt

t

c

f

sksk
1

f


 

 

 
The ratio c/ft we recognize as the crack index Ci, which then should be kept below 1.0 to give 
some certainty against cracking. 
 
In [118] Kanstad compared a number of calculations to experimental tests on restraint specimen 
tests (TSTM-tests). The calculations were based on individual experiments on all the involved 
concrete properties, and the actual temperature from the TSTM-specimen was used in the 
calculation (hence, no uncertainty regarding the boundary condition). The premise for rather 
accurate calculations were, thus, the best possible in this case. It was found that when using an 
advanced method including the double power creep law and the principle of linear visco-elasticity 
for aging materials, the standard deviation of calculated (3) vs. measured (3,meas) stress after 
around 2 weeks of hardening was (s =) 0.34 MPa. When the calculation was simplified and based 
on the Burger creep model with default parameters the standard deviation became somewhat 
higher. In general, the variation in calculated stress s is likely to be higher than the variation of the 
tensile strength st since s consists of multiple materials parameters (E-modulus, creep, thermal- 
and autogenous deformation, temperature sensitivity).   
 
The determination of tensile strength has also its scatter, as mentioned. According to the work done 
in connection with [118] the standard deviation st of tensile strength was found to be in the range 
0.05-0.3 MPa (which is quite low!) for concrete ages corresponding to a tensile strength around 3 
MPa, which represent a fairly relevant strength level for the critical time of cracking after 1-2 
weeks of hardening for the low w/b concretes that were investigated. 
 
The statistical parameters k and kt are 1.64 for 5% probability for the (characteristic) upper and 
lower value of the property to be exceeded. The numbers mentioned above inserted in Equation 32 
gives that the crack index Ci should not exceed 0.65–0.79 in order to obtain less than 5% 
probability for cracking (corresponds to a confidence level of 90%). This then holds for the present 
case with well-controlled laboratory conditions. 
 
In a field situation there are additional uncertain factors involved; there is uncertainty attached to 
the boundary conditions, and the input parameters for the simulation are in most cases based on 
laboratory-mixed concrete while ready-mixed concrete is used in the structure. Ready-mixed 
concrete is likely to have a larger scatter than “lab-crete”. Obviously the variability (standard 
deviation) of simulations of structures will be higher than in the well-controlled laboratory 
conditions discussed above.  
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These issues have been considered by clients and researchers, but still the chosen crack criteria (Ci) 
for projects will have a somewhat “philosophic nature” and will also be a result of the fact that the 
necessary efforts (costs) to secure a crack-free structure should not exceed “common sense”. 
Considering all the uncertainties involved (exact quantification of uncertainty is more or less 
impossible) less than 5% probability for cracking is probably beyond the limit of common sense. 
The literature show that the maximum allowable Ci–value set by clients in building projects where 
a crack-free structure is desired varies from around Ci<0.60 to Ci around 1.0 according to the 
importance of obtaining a crack-free structure (exposure, importance/complexity of structure etc). 
For instance the Swedish Transport Administration [107] require for heavy chloride exposed 
conditions (and normal cement contents) a Ci<0.70 in pre-calculations of stresses. For the 
submerged structures in the Bjørvika project in Norway Ci<0.75 was required [86]. From the 
literature it can be seen that the limit value for Ci is set within the interval Ci<0.56 to Ci<0.75 when 
the target is to reduce the risk of through-cracks to a reasonable “minimum”. 
 
A discussion on crack risk criteria from the literature was done by Rostásy et al. in [122], who also 
gives an illustrative figure which gives the underlying philosophy of crack-control with regard to 
what resources one should put into it in relation to the importance of obtaining a crack-free 
structure, see Figure 66. Here, the figure has been made “Ci-neutral” as the “optimal range” with 
regard to the maximum allowable (calculated) crack index will be very different for different 
projects. Hence, the “optimal range” does not mean that Ci should be below 1.0 in all cases. For 
example, for many projects one through-crack or more per casting length have no particular 
negative effect on the performance of the structure. For other projects, however, water-
tightness/durability/very difficult access for maintenance are key factors and investments in stress 
simulations/counter-measures against cracking (i.e. ensuring a low Ci) are sensible and an absolute 
necessity to ensure functionality over time.  
 
The principle here is that the repair/maintenance costs (Krep) goes down along with increasing 
investments in counter-measures against cracking which increases the initial cost of the structure 
(Kin). The sum is the total cost of the structure (Ktot). For many structures Figure 66 is probably also 
very relevant in a service-life perspective, i.e. Ktot can be interpret also as the service-life costs.  
 

high Ci Ci<1.0        Ci<<1.0  

Figure 66 Influence of the crack risk criteria Ci on the cost (K) of a structure (schematic). Originally 
reported in [122], modified figure (made Ci-neutral) 
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The crack criterion has also been dealt with by the Japan Society of Civil Engineers (JSCE) 
[120][121][122]. JSCE gives three ranges relating to the probability of occurrence of through-
cracks, see Figure 67. The category “range 1” is where through-cracks are unacceptable, “range 2” 
is where a few through-cracks are tolerated and “range 3” is where through-cracks are generally 
tolerated. Range 1 was originally defined with Ci<0.67, range 2 with Ci<0.83 and range 3 with 
Ci<1.43. After on-site observations [121] it was indicated that these ranges were not strict enough 
and the limit values for Ci was reduced to 0.56, 0.67 and 1.0 for range 1, 2 and 3, respectively. 
Figure 67 gives the adjusted Ci-limits. The details behind these considerations are not investigated 
here, but it is clear that the “stochastic nature” of concrete and stress simulations have been 
considered. 
 
Experiences from the Bjørvika submerged tunnel project in Oslo, Norway [86] showed that the 
stress simulations coincided rather well with observations on-site provided that the direct tensile 
strength was used in the evaluation, and not the splitting tensile strength. After some time of 
hardening splitting strength fts may be significantly higher than direct tensile strength ft, thus using 
fts the calculated Ci after a week or two becomes much lower than when using ft (see Section 8.6 for 
more on this issue). Since the crack criteria in this project was set to Ci<0.75 the entire 25% 
(nominal) safety margin against cracking at Ci=1.0 was terminated. Initially (with fts) the 
calculations showed Ci-values  0.75, but on-site there was a moderate cracking tendency. After 
implementing the lower ft in the simulations it was shown that cooling pipes had to be used in the 
massive walls to get the Ci-values below 0.75. After this, through-cracks never occurred in all cases 
where the cooling system worked as intended. 
 

 

Figure 67 Crack criteria (Ci) dependent on the probability of cracking (Pcr), adjusted for on-site 
observations. Based on [120][121]  

 
Finally, some countries operate with “a safety factor”   rather than a crack index Ci.  
 is simply the inverse of Ci:  

Equation 33  
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For example, a Ci-interval 0.60-0.75 then corresponds to a safety factor  of 1.67-1.33. 
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13 Effect of reinforcement 
 
The mode of operation for the reinforcement in a hardening concrete structure subjected to external 
restraint is generally understood as follows: Since the coefficients of thermal expansion of steel and 
concrete are rather similar it is likely that reinforcing steel bars are more or less stress-less during 
the temperature changes in a hardening structure. The steel bars only acts to reduce crack widths 
when cracks are actually formed. 
 
For a structural concrete subjected to external (service) loads an increasing amount of 
reinforcement decreases the crack widths; this is the basis in standards and codes for structural 
design. Standards and codes are mainly based on well-controlled laboratory flexural tests, and the 
requirements generally aim to limit crack widths to 0.2-0.3 mm. 
 
With regard to cracking in hardening structures it is thus expected that the crack widths also will be 
limited when the amount of reinforcement is increased. However, the structural behaviour of a 
hardening structure is often complex, and it is not obvious how stresses/strains redistribute when 
cracks form and how effective the reinforcement will be. To the author’s knowledge no systematic 
registrations have been done with regard to the effect of reinforcement on the crack widths of 
through-cracks in hardening structures. It is a fact though that extra reinforcement is sometimes 
used as a measure, in the case of through-cracks, to limit crack widths/increase the probability for 
water-tightness. 
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14 Importance of input parameters 
 
The influence of input parameters on the calculated crack sensitivity from stress simulations have 
been studied in [127][128][129][130]. Based on these studies, and general experience with stress 
simulations, a ranking of the importance of parameters with regard to stress build-up and crack-risk 
in a structure is made in the following. It is divided into two categories, material properties and 
ambient/site-conditions. The various parameters have been ranked into groups with regard to their 
influence/significance in stress calculations; where group 1 has large significance, group 2 has less 
etc. 
 
Significance of material properties 
 
Group 1 
- heat of hydration (accuracy of temperature calculation) 
- coefficient of thermal expansion 
- autogenous shrinkage 
- end of dormant phase (i.e. t0) 
- final value of tensile strength and modulus of elasticity 
 
Group 2 
- time development of tensile strength and modulus of elasticity 
- creep/relaxation 
 
Group 3 
- activation energy 
- heat capacity (specific heat x concrete density) 
- thermal conductivity 
 
It should be noted that any sensitivity analysis on the effect of the activation energy (ET) should be 
performed by changing the ET and then determine new pertaining model parameters with this 
changed ET. ET cannot be changed alone.  
 
 
Significance of ambient/site conditions 
 
Group 1 
- temperature of fresh concrete / temperature development of the hardening concrete 
- temperature of restraining structure(s) 
 
Group 2 
- heat transfer coefficient of formwork 
- ambient temperature  
- wind 
 
Note that the Group 2 parameters right above will have larger impact for smaller cross sections 
than for massive structures. 
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15 Minimum test program and simulation strategy 
 

15.1 Minimum test program 

The starting point is that we need input data for temperature- and stress simulations of a given 
concrete that shall be used in a structure in a building project, i.e. we have a concrete with 
unknown properties that must be tested experimentally. The proposed programme below is 
considered to be a minimum for such purpose. The suggested program is partly reported previously 
and partly an extract of the issues that are dealt with earlier in this report. 
 
In Norway today, all the relevant concrete properties needed for temperature- and stress 
simulations can only be measured experimentally in the NTNU/SINTEF-laboratory in Trondheim.  
 
 
Mechanical properties 
 
Based on a number of tests on concretes made mainly of cements of type CEM I it was found in 
[101] that the relationship between the mechanical properties for the various mixes was quite 
similar. This observation was utilised to define a minimum test programme for mechanical 
properties. The proposal below is based on the CEB-FIP model code formulation (see Equation 14) 
and the following minimum test program was proposed:  
 
- The temperature sensitivity factor (activation energy) can be determined from compressive test 
results, hence an adequate test programme involving quite frequent testing over time at different 
curing temperatures must be carried out, see NS 3656 Rate of reaction.  
 
- To determine the parameter t0 from compressive test results is the simplest method (extrapolation 
from low early strength values to zero strength). However, the best determination of t0 is likely to 
be from stress measurements from a restraint stress test (TSTM-test), if this is available. t0 can also 
be indirectly determined, though less accurate, from heat of hydration measurements, or by 
methods based on ultrasonic pulse velocity.  
 
- E-modulus and tensile strength tests on specimens exposed to isothermal conditions (20 oC) at 
two ages: at around 2 days and at 28 days. Uniaxial tensile strength should be used in simulations, 
either measured directly or deduced from splitting strength results. Note that if the 28-days 
compressive strength at elevated curing temperature shows a significant strength loss compared to 
20 oC curing, then this issue should also be studied for the tensile strength. 
 

The parameters s and to are determined from the compressive strength test results, while the 
parameters nt and nE are determined from the tensile strength and the E-modulus test results, 
respectively. Default values based mainly on concretes with CEM I was proposed (nt =0.59 
and nE =0.37) [101] and might probably be used without significant loss of accuracy, but 
note that the default values are not necessarily applicable for CEM II, CEM III, fly-ash 
additions, etc. 

 
 
Hydration heat 
 
A semi-adiabatic calorimeter test is very simple to perform and one test is generally sufficient to 
characterize the heat evolution of a concrete. During such test the core temperature of the specimen 
and the surrounding air temperature must be registered. In principle the determination of the 
hydration heat is better the larger the semi-adiabatic calorimeter is. 1 m3 concretes specimens have 
sometimes been used (on-site), but much less specimens can be used in the laboratory without 
losing significant accuracy (see NS 3657 Heat of hydration). Semi-adiabatic test results must be 
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compensated for the heat loss during the test in order to determine the adiabatic temperature rise of 
the concrete. The adiabatic temperature rise is then converted to isothermal heat development, 
which is the input for temperature simulations. 
 
- For CEM I-based concretes the hydration heat is rather fast and a 7-15 litres well-insulated cubic 
specimen (see NS 3657) is believed to give sufficient accurate data since a large portion of the heat 
is actually accumulated in the specimen and thus measured as a temperature rise.  
- For slower binders (CEM II, CEM III, fly ash additions, etc) more time is given for the specimen 
to loose heat during the hydration period, thus a less portion of the heat is accumulated in the 
specimen. To counteract for this, one approach has been to place the well-insulated semi-adiabatic 
calorimeter in a hot room (for instance 35oC) just after casting. This reduces the temperature 
difference between specimen and room during the test, consequently the heat loss during the test is 
reduced. Alternatively, the volume of the specimen can be increased for concretes that are made 
with slow binders; this increases the accumulated heat in the specimen relative to the heat loss. 
 
Adiabatic calorimeters can also be used, naturally, but there is doubt whether it increases the 
accuracy compared to semi-adiabatic calorimeters [131]. The reason for this is probably that 
adiabatic calorimeters may suffer from the need for an advanced and very accurate heat 
compensation system. Every minor malfunction/inaccuracy in this system influences the result. 
(Isothermal calorimeters are also sensible equipment which can only measure on small specimens, 
preferably cement paste) 
 
 
Thermal dilation and autogenous shrinkage 
 
Due to the unsystematic effect of temperature on autogenous shrinkage and thermal dilation, as 
discussed in Chapter 7, the test temperature will influence the quality of the data for the 
simulations. The type of tests given below is categorized according to the quality of the output 
from the test (ranking 1, 2, 3), where tests performed under realistic temperature developments 
gives the best data. The temperature of the specimen(s) should be measured during any of the tests. 
 
1. Test temperature development realistic/typical for the given structure in the project (taken from a 
temperature simulation of the structure, for instance the average temperature development of the 
structure): 

A. Realistic stepwise (saw-toothed) temperature development: The coefficient of thermal 
expansion (T) can be found from each temperature step. The average T can be calculated 
(or expressed by a variable model formulation). Autogenous shrinkage is then the 
remaining deformation when the thermal part (T 

.T) is subtracted from the measured 
(total) deformation from the test. 

B. Realistic (smooth) temperature development(s): The coefficient of thermal expansion (T) 
must be assumed (qualified guess). Autogenous shrinkage is then deduced by subtracting 
the thermal part (T

.T) from the measured (total) deformation from the test. 
 
2. Isothermal temperature development test(s): Autogenous shrinkage is measured directly during 
the test as there is no temperature change. For simulations the coefficient of thermal expansion (T) 
must be assumed. 
 
3. No data available. Autogenous shrinkage and the coefficient of thermal expansion (T) must be 
assumed, preferably by using experience from previous tests on concrete(s) of the same quality 
(same water-to-binder ratio, etc) and rather similar binder composition. 
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15.2 Simulation strategy 

When all involved concrete properties are implemented into the program, either by a model or 
discrete data, the simulations can start. The ideal case is (A) first to use the given simulation 
program (2D or 3D) to simulate the situation in one or more TSTM-tests with the concrete in 
question. If this simulation(s) fit well with the TSTM-test(s) this secures confidence in the 
materials models and the simulation program.  
 
The actual structure can then be simulated for the given concrete, structural geometry and relevant 
on-site conditions. If temperature is measured in any previous sections in the project it is advisable 
first to compare these temperature curves with a temperature calculation (B) using the site-
conditions during that particular cast (actual formwork, climate, fresh concrete temperature, etc.).  
 
The temperature- and stress development of structural parts to be cast in the future can now be 
simulated (C) for relevant on-site conditions, and the probability for cracking can be evaluated; see 
Chapter 12 for crack risk criteria. 
 
Note that the compressive strength development is also one of the many outputs of such 
simulations. Hence, simulations can naturally be used also in the production planning, for instance, 
to avoid freezing of the fresh concrete during cold weather, to determine the earliest time of 
formwork removal, necessary duration of support of decks, earliest time of post-tensioning, etc. 
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Abstract 
Thermal dilation (TD) and autogenous shrinkage (AS) generate stresses in concrete 
members hardening under restraint. The sum of TD and AS may readily be determined 
in the laboratory for realistic temperature histories, and may serve as an accurate basis 
for stress calculations in structures. However, for general calculation programs it is 
desirable to have individual material models for TD and AS. An experimental strategy 
is proposed to obtain a basis for such models. Preliminary results are given, which 
demonstrate that AS depends strongly on temperature history, and cannot be 
realistically estimated from isothermal tests. 
Keywords: Autogenous shrinkage, high performance concrete, temperature 
dependence, thermal dilation 
 
 

1 Introduction and background 

 
Hardening concrete will generate stresses if the movements caused by hydration 
reactions are restrained. There are two active mechanisms producing movements: 
Thermal Dilation (TD) and Autogenous Shrinkage (AS). Traditionally, only thermally 
induced stresses have been considered when estimating cracking risk in young 
concrete. However, with increased use of high performance concrete (water-to-binder 
ratio below 0.45) it has become clear that AS may contribute significantly to stress 
generation, and any serious approach to estimate cracking risk by calculations must 
take both TD and AS into account as “driving forces” to stress generation. 
   In a realistic case, where the concrete goes through a natural heating-cooling cycle 
the first days, of course TD and AS occur simultaneously, and the sum of the two 
deformations may easily and accurately be measured in the laboratory for the given 
 
 



temperature history. This total deformation is the driving force to stress generation, 
and from a calculation point of view, there is no need to separate TD and AS. 
However, a more general stress calculation procedure applicable to any temperature 
development requires a mathematical model for each mechanism. To achieve this goal 
it is necessary to design and perform experiments that makes a separation of TD and 
AS possible. Our effort to do this is the topic of the present paper. 
   To our knowledge there is, surprisingly, no systematic attempt to formulate general 
models for TD and AS reported in the literature. Information is available on the 
Thermal Dilation Coefficient (TDC), and a large number of papers have been 
published in recent years on AS, but the vast majority on isothermal tests at 20oC. 
   AS is the external consequence of the chemical shrinkage associated with the 
hydration reactions, which amounts to about 25% by volume of the chemically bound 
water. The first few hours the concrete behaves as a liquid, and as chemical shrinkage 
takes place it is directly reflected in the AS measured externally. During setting a solid 
skeleton is formed, which allow empty pores to form (self-desiccation) and, as a 
consequence, AS becomes much smaller than the chemical shrinkage. Thus, initially 
AS (measured volumetrically) is equal to the chemical shrinkage, while AS is reduced 
strongly through setting. To measure AS accurately (both linearly and volumetrically) 
at early times (before and during setting) is very difficult. It is of practical importance, 
however, since Norwegian experience shows that high performance concrete is 
sensitive to cracking during this period [1]. The problems associated with AS and very 
early cracking is a topic discussed separately [2] at this conference. 
   The present paper only considers AS in the period after setting, i.e. when the elastic 
modulus is sufficiently developed so that stresses are produced in the Stress-Rig 
(TSTM). Even in this period there are experimental pitfalls, mainly associated with 
water supply. If bleeding has taken place before setting, then the bleed water will be 
reabsorbed by the concrete as self-desiccation occurs, resulting in reduced shrinkage or 
even expansion. Similarly, water available in the aggregates may play a role, since 
very little water is required to “refill” the self-desiccation pores and thereby eliminate 
AS. For instance, in a concrete with 400 kg cement, a 50% degree of hydration 
corresponds to a volume of self-desiccation pores of: 400•0.24•0.25•0.5 = 12 l/m3. 
This amount of water can easily be available in the aggregates. We have demonstrated 
that AS is eliminated in concretes with lightweight aggregate [6]. We believe that 
variations both in amounts and availability of water in aggregates may explain the 
large differences in AS found in published reports. 
   The information on TD in the literature is also very limited, but provides certain 
expectations to the TDC development during the hardening phase. In the fresh (liquid) 
state the water phase dominates and TDC is very high compared to solids (possibly   
60•10-6/oC). When a skeleton is formed we expect solid behavior with much lower 
TDC. Wittman [3] found that for cement paste (w/c=0.40, saturated) that TDC 
increased from about 10•10-6/oC at 3 days hydration fairly linearly up to about     
18•10-6/oC at 60 days. The moisture content is also important. For mature cement paste 
Meyers [4] found that TDC depend strongly on ambient Relative Humidity (RH), in 
that TDC increased from 12•10-6/oC at 100% RH, to about 18•10-6/oC at 70% RH, 
decreasing to 12•10-6/oC again at 40% RH. It should be added that both publications do 
present contradictions and inconsistencies, but we conclude that a minimum TDC is 
expected after setting, followed by a gradual increase over time both due to increased 



hydration and reduced RH because of self-desiccation. The determination of TDC also 
depends strongly on experimental conditions and rate of temperature change. Cement 
paste contains pore water in different states: interlayer-, gel-, adsorbed-, capillary- and 
“free” water in the largest pores. Temperature changes will induce redistribution of 
water between the different phases, for example, heating will drive water from small 
pores (gel-adsorbed water) to larger pores (capillary water) since the entropy of water 
in small pores is lower than in large pores. Thus, depending on the time scale, the 
observed thermal dilation will consist of a “pure” temperature effect (fast), a moisture 
redistribution effect (slower) and finally both superimposed on a basic AS as long as 
the hydration reaction is going on. 
   Based on the preceding considerations the following approach was taken to obtain 
generalized models for TDC and AS during concrete hardening under realistic 
temperature conditions. The steps outlined below developed as consequence of the 
results obtained “on the way”. The work has by no means reached the final stage yet. 
Hence, this paper is a report on work in progress, for the purpose of clarifying the 
present situation for ourselves as well as for colleagues involved in the same process. 
Note that all the experiments are carried out using one particular high performance 
concrete mix. 
 
1. AS at a series of isothermal temperatures from mixing. Purpose: to establish if a 

simple maturity concept can be used to describe AS. This proved to be impossible. 
2. AS at a series of isothermal temperatures, but with fixed starting temperatures 

(13oC and 20oC) from mixing until 8 hours. At 8 hours the temperature was 
increased in steps of 7-10oC until the desired isothermal temperatures were 
reached. This series is referred to as “Poly-isothermal”. 

 
The results of steps 1 and 2 demonstrated that a simple generalized description of AS 
in terms of maturity is not possible. The next step was therefore to determine TDC as 
directly as possible during isothermal and realistic temperature histories.  
 
3. TDC measured “directly”. The principle is to superimpose steps of 3oC for some 

hours duration on either isothermal or realistic temperature developments. This 
scheme allows the calculation of TDC at each step, and then to calculate AS by 
removing the TD-contribution to the total measured movement. This series is 
referred to as “Saw-toothed”. 

 
Work with this latter approach is presently going on, and the resulting TDC and AS are 
being analyzed with a view to obtaining generalized descriptions. The work is 
discussed below. 
 

2 Experimental 

2.1 Test method 

The experimental work is based on the use of a concrete dilatometer which measures 
the free length change of a prismatic specimen with dimension 100 mm • 100 mm • 



500 mm (length), see Fig. 1. At each end of the specimen an inductive displacement 
transducer measures the length change. The signals are recorded separately and added 
to obtain the total length change. The transducers are connected to the specimen by 
thin invar rods reaching 10-15 mm into the specimen and, hence, the “active” length of 
the specimen is 470-480 mm. At the end of each invar rod a thin steel disc is fixed as 
“anchorage”. A thermo-couple measures the temperature in the center of the specimen. 
Registrations of both length change and temperature start within 1 hour after concrete 
mixing. The temperature control of the specimen is provided by water that is circulated 
in copper tubes fixed outside 5 mm thick copper plates forming the inner walls of the 
mould. The plates are heavily insulated on the outside. The water temperature is 
controlled by a computer.  
   When the fresh concrete is placed in the mould it is covered with a Al/plastic foil 
impermeable to moisture. The 5 mm copper plate cover is placed on top and weighted 
down to provide a seal against moisture loss. The ability of the equipment to prevent 
moisture loss during the experiments is presumably high, however, not yet determined 
by measurements. This important question will be resolved by experiments in the near 
future. 
 
 

 
 

Fig. 1  The concrete dilatometer 
 

2.2 Temperature histories 

All the experiments reported here were carried out using one particular high 
performance concrete mix. Up till now a total of 19 tests have been performed, of 
which 16 with different temperature histories. Table 1 shows the different temperature 
histories employed. The initial temperature at each test is given in the left column of 
the table and the subsequent temperature “treatment” is indicated in the other columns. 
As can bee seen from the table, most of the tests are performed with initial 
temperatures of 20oC. Fig. 2 shows measured temperatures during some of the tests 
with initial temperature of 20oC. 



Table 1.  Survey of temperature histories (oC) 
 
 Isothermal Isothermal 

(saw-toothed) 
Poly-isothermal 

 
Realistic 
(smooth) 

Realistic 
(saw-toothed) 

 
Initial   Final temperature Max.temperature Max.temperature 

temperature  3 20 27 35 45 29 32 47 62 50 60 
5 XX            

13 X  X  X        
20 XXX X  X X X X  X X X X 
26        X     
45 X            
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Fig. 2  Examples of different temperature histories (measured) 
 
 

3 Mix proportions 

 
The same mix is used in all tests. The water-to-binder ratio is 0.40 and the silica fume 
content is 5% of cement weight. The concrete represents a typical Norwegian concrete 
used for bridge constructions. Mix proportions are given in Table 2. The slump had a 
mean value of 18 cm with a coefficient of variation of 15% for the 12 batches at 20oC. 
The air content varied from 2% to 3.1% for the 19 concrete batches. 



Table 2 Mix proportions (kg) 
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Fig. 3  Autogenous shrinkage and generated stresses (100% 
restraint) during 20oC isothermal tests. to indicates where 
AS is zeroed. 

 

4 Results 

4.1 General behavior of autogenous shrinkage 

Fig. 3 shows typical 20oC isothermal results both for AS and the corresponding stress 
development under full restraint in the TSTM. AS is recorded from time zero, i.e. 
about ½-1 hour after mixing. The TSTM only provides full restraint after the feedback 
system is activated at 6 hours after mixing (the feedback system requires a certain 
concrete stiffness before it is activated). The AS curve shown in Fig. 3 is quite typical: 
The initial strong contraction (whose physical reality is questionable) is followed by 
expansion. The expansion is real as evidenced by the (small) compressive restraint 
stress, and is possibly caused by reabsorption of bleed water. We have chosen to zero 
the AS curves at the end of the expansion (10 hours age at 20oC). This is indicated as to 
in Fig. 3, and, as can bee seen, AS developing beyond to generates significant stresses 
in the TSTM. The behavior before to is discussed in detail at this conference [2]. 
 
 

4.2 Reproducability 

As shown in Table 1 a number of repeat tests have been made. Fig. 4 shows such data 
for isothermal tests at 5oC and 20oC. There is deviation between the curves, but the 
main features of the behavior are reproduced. Note that within the IPACS-program [5] 
there is a Round-Robin test under way both concerning AS and stressgeneration under 
full restraint. 
 
 

4.3 Isothermal tests  

The concretes were mixed at temperatures as close to the test temperatures as possible. 
Fig.  5 shows the AS results at 5, 13, 20 and 45oC. The desired temperatures were in all  
cases reached within one hour after placing the concrete in the temperature controlled 
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Fig. 4  Repeated isothermal tests at 20oC and 5oC  Fig. 5  Autogenous shrinkage during  
       isothermal tests at different temperatures 
 
dilatometer i.e. long before the zero-time for the AS-plots. The figure shows very 
unsystematic behavior; particularly the first 48 hours. Clearly, a simple time shift using 
the maturity principle will not be able to characterize the results coherently. From a 
practical point of view, fully isothermal tests are not very relevant, hence we 
abandoned this approach and proceeded to the more realistic “poly-isothermal”, see 
below. 
 
 

4.4 Poly-isothermal tests 

This series was intended to be more realistic in terms of practical concreting, using 
fixed temperatures of 13oC and 20oC the first 8 hours, and then increasing the 
temperature in steps to the desired level, see Fig. 2. Fig. 6 gives the results vs real time. 
In Fig. 7 a “normal” activation energy (E) for strength development is used to 
transform real time to maturity. Note that the expression E=A+B(20-T) is used. In 
Fig. 8 a much higher E value is used. The thermal dilations due to the temperature 
steps are not shown in the figures, they are eliminated by a curve fitting procedure. 
Note also that the temperatures are not “realistic”, in the sense that a given final 
temperature is maintained till the end of the test, and not reduced after the heating 
phase as would be the case in a structure. 
   The raw data given in Fig. 6 is fairly systematic for each initial temperature, 
increased temperature leads to increased magnitude and rates of AS. The time shift 
provided by the normal activation energy is not enough to make them coincide (Fig. 
7). The very high E-value used in Fig. 8 makes the curves coincide in the period up 
to about 1 week maturity time, but with significant deviation after that. Furthermore, 
the two different initial temperatures (13 and 20oC) give quite different results both for 
the rate of AS development and total AS after a certain time. In practical terms, a 
generalized description of AS using maturity can be given, but only for a given initial 
temperature and up to about 1 week maturity time. Note that with this high E-value 1 
hour at 45oC correspond to 19 hours at 20oC, hence agreement up to 1 maturity week 
means only about 9 hours at 45oC, something which is much to short time to be 
practically useful. This is not a very general, nor a very practical result, and a different 
approach was chosen for the next stage. 
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Fig. 6  Autogenous shrinkage vs real time during poly-isothermal tests with initial temperature of (a) 
20oC and (b) 13oC. 
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Fig. 7  Autogenous shrinkage vs maturity time during poly-isothermal tests with initial temperature of 
(a) 20oC and (b) 13oC. Maturity time is the equivalent time at 20oC isothermal conditions (A=33500 
J/mole and B=1470 J/mole.oC) 
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Fig. 8  Autogenous shrinkage vs maturity time during poly-isothermal tests with initial temperature of 
(a) 20oC and (b) 13oC. Maturity time is the equivalent time at 20oC isothermal conditions (A=91500 
J/mole and B=0) 
 



AS is clearly a very complicated concrete “property”, in that what is measured in the 
laboratory is the overall result of a large number of physical processes: a) the various 
hydration reactions and their dependence on temperature, time and the state of stress 
existing in the various phases; b) the state of internal stress generated by self-
desiccation through a combination of capillary and Gibbs-Bangham mechanisms; and 
3) the viscoelastic response of the skeleton matrix which changes very strongly both 
with degree of hydration, temperature level and the rate of temperature change. 
   Thus there is no reason to expect simple behavior of AS even under the relatively 
simple isothermal and poly-isothermal conditions discussed so far. In a realistic case 
where the temperature development is analogous to the one shown in Fig. 2, the 
situation is even more complicated and to base a model on the isothermal and poly-
isothermal results is clearly not reasonable. The next step was therefore to determine 
AS as directly as possible under realistic conditions. This was done by determining the 
TDC during an experiment using the “saw-tooth” principle illustrated in Fig.  2, see 
below. 
 
 

4.5 Realistic- and saw-tooth temperature tests 

The detailed temperature program for the saw-tooth tests are given in Fig. 9, together 
with the set of smooth realistic temperature curves which have also been applied in the 
AS and TSTM equipment. Fig. 10 gives the saw-tooth results in terms of calculated 
TDC vs real time. Fig. 11 shows an example of the relationship between total 
measured deformation and the two contributing parts TD and AS, as calculated. Fig. 
12 shows three sets of AS curves, each set comparing AS calculated from smooth and 
saw-tooth temperature developments shown in Fig.  9. 
   The isothermal results form a consistent picture; Fig. 12 shows that the AS for 
smooth and saw-tooth correspond well, demonstrating that the 3oC steps did not 
change the overall AS. The TDC (Fig. 10) behave as expected; strong initial decrease 
followed by slow increase as the skeleton matrix dominates and RH is decreased by 
self-desiccation. 
   It is worth noting the following consistent observation in the isothermal saw-tooth 
test: In each step the temperature in the concrete reached thermal equilibrium after 
about 1 hour and the temperature was maintained, at least 1 more hour before the next 
step. In a COOL-step (23-17oC) the second hour produced a AS slope similar to the 
20oC isothermal “background”; while in a HEAT-step the initial expansion was 
followed by a very high rate of contraction each time, several time as high as the 
“background”. Thus, if moisture redistribution is the main mechanism for the time 
dependence it is slower during HEAT (gelcapillary) than the opposite way during 
COOL. The fact that the mean saw-tooth AS curve corresponds to the smooth 
isothermal demonstrates that no extra irreversible structural changes are introduced by 
the temperature steps. These results also demonstrate that there is no “unique” TDC for 
concrete; its magnitude depends on the time allowed for the time dependent part. Much 
more work is clearly required to reach a better understanding of TD. 
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Fig. 9  Measured concrete temperatures: realistic  Fig.10  Development of the TDC at 3 different  
(smooth and saw-toothed) and isothermal  saw-toothed temperature histories, see Fig. 9 
(smooth and saw-toothed) 
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Fig. 11  Example of the relationship between total measured deformation  
and the two contributing parts TD and AS (smooth temperature, 62oC maximum) 

 
The results in Fig. 10 for the two saw-toothed realistic temperature histories given in 
Fig. 9 are less consistent. The TDCs for the 50oC maximum curve correspond very 
directly to the isothermal, but the 60oC maximum curve is different. It is, however, 
clear from Fig. 9 that the saw-tooth pattern also is different in the two tests. These are 
the only saw-toot tests run so far; the need for more work is obvious. In Fig. 12 the AS 
are calculated for the two sets of realistic tests using the TDC given in Fig. 10. The 
principle of calculation is illustrated in Fig. 11 for the smooth realistic case with 62oC 
maximum. Fig. 12 shows fairly bad agreement for the two sets of smooth and saw-
tooth curves. Relatively small changes in the TDCs have been shown to be able to 
produce much better correspondence. The main point, however, is that each set of  
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toothed) temperatures. 
 
curves display the same major features: The 50oC maximum curves show that AS 
flatten out after about 4 days. The 60oC maximum curves show that AS becomes 
negative (i.e. expansion!) after 2 to 3 days. 
   The latter observation is surprising, but possible real as indicated in Fig. 11 after 168 
hours: Here the temperature is constant and the total measured deformation is 
expansion. This has been shown in two experiments, but not yet by the stress 
development in the TSTM, since the specimens break very early in the cooling phase 
with 100% restraint. A system is now ready to provide less than 100% restraint to 
enable stresses to be measured over long times. The expansion after 2-3 days is of 
practical importance, since the critical time for cracking in many cases occurs later 
than this. 
 
 

5 Conclusions 

 
These preliminary results demonstrate very clearly a few main points: 
 
 At our present state of knowledge the only certain way to estimate deformations in 

order to predict stresses in a structure by calculations, is to measure thermal 
dilation (TD) + autogenous shrinkage (AS) in the laboratory at the relevant 
temperature development. Any generalized TDC and AS models are not 
trustworthy today. 



 The method (saw-tooth pattern etc) to determine TDC experimentally must be 
refined through further experiments. 

 The determination of AS as the difference between the total measured deformation 
and the calculated TD (based on TDC from saw-tooth tests) appears the most 
promising at the moment. Efforts should be concentrated on this area first, using 
realistic temperature histories. The primary questions to be answered are:  
- Does increased maximum values in realistic temperature histories lead to 
decreased AS after a few days culminating at around 60oC in AS-expansion?  
- Is this a general phenomenon or dependent on binder components?  

 A basic isothermal AS-test at 20oC is considered useful as reference point for a 
given mix. However, the primary questions should, in our opinion, be answered in 
as broad a way as possible (internationally), before realistic material models can be 
formulated. 
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Abstract Crack sensitivity calculations for young con-

crete are strongly influenced by the coefficient of ther-

mal expansion (CTE) values for the concrete. This pa-

per demonstrates the strong effect of moisture content

on CTE, and discusses the mechanism(s) based on ex-

perimental results on mature cement paste. The temper-

ature variation of the relative humidity (RH) exerted by

the pore water is quantified and used to explain the high

CTE of partly dried specimens. The relevance for early

age crack sensitivity is that the concrete should be kept

as wet as possible. This minimizes CTE and will largely

eliminate autogenous shrinkage. However, trustworthy

procedures to separate autogenous- and thermal defor-

mations require a better fundamental understanding of

moisture effects and the nature of delayed deforma-

tions.

Résumé L’évaluation de la sensibilité à la fissura-
tion des bétons au jeune âge est grandement influ-
encée par le coefficient de dilatation thermique (CDT).
Cet article démontre l’influence majeure de la teneur
en eau des bétons sur le CDT, et propose/présente
le(s) mécanisme(s) élaboré(s) sur la base de résultats
expérimentaux obtenus sur des pâtes de ciment ma-
tures. L’influence de la température sur l’humidité rel-
ative du système poreux par l’eau interstitielle est quan-
tifiée et utilisée pour expliquer le haut CDT mesuré sur

E.J. Sellevold · Ø. Bjøntegaard
The Norwegian University of Science and Technology,
Department of Structural Engineering, Trondheim, Norway

les éprouvettes partiellement séchées. En conséquence,
pour minimiser la sensibilité à la fissuration des bétons
au jeune âge, le béton doit être maintenu humide aussi
longtemps que possible. Cela a pour double effet de
réduire le CDT et de largement diminuer le retrait en-
dogène. Cependant, pour être valides, les méthodes de
calcul permettant de séparer les déformations de retrait
endogène et les déformations thermiques doivent re-
poser sur une meilleure compréhension fondamentale
de l’effet de l’humidité et de la nature des déformations
différées.

1. Introduction

The current worldwide interest in early age cracking

problems in structures with High Performance Con-

crete (HPC) has led to intensive work on autogenous

deformations. This concentration has resulted in ne-

glect of the normally even more important thermally

induced deformations. The coefficient of thermal ex-

pansion (CTE) is often just given a constant default

value in calculation programs, while we know that

it varies strongly both with concrete mix constituents

(particularly aggregate type) and time (degree of self-

desiccation). Figure 1 [1, 2] shows typical behavior

from early times for a pure cement paste (a) and a con-

crete (b) containing the same paste as binder (28 vol%).

Note that “DCS” in the figure means degree of capil-

lary saturation, which is the degree of water saturation

in the pore system excluding the air/macro pores. Both
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curves are for sealed hydration up to the time when the

specimens are immersed in water. Before setting both

cement paste and concrete have very high CTE values

(20 μs/◦C was measured both for the cement paste and

the concrete [1]) since no solid framework exists and

the continuous water phase controls. CTE reduces as

solids form, reaching a minimum value around the fi-

nal set, which points are shown in Fig. 1. From then

on CTE increases as self-desiccation proceeds. The in-

crease for paste is about from 10 μs/◦C to 22 μs/◦C,

and the reduction after water immersion is back to 13

μs/◦C. For concrete the equivalent numbers are about

from 7 μs/◦C to 11 μs/◦C, and back to 7 μs/◦C. These

numbers demonstrate clearly the dominant influence of

the water content on CTE; for the concrete CTE returns

to the exact same value it had on setting after full satura-

tion at an age of 11 weeks, i.e. the hydration has no net

effect on the CTE in saturated state (!). The moisture

effect is clearly very important from a practical point

of view, and simple in the sense that the CTE value

of a given concrete can be controlled by controlling

the moisture content. Minimum CTE is obtained in a

wet state, so that by supplying an internal water source

during curing two important benefits are obtained: the

autogenous deformation is reduced or eliminated and

CTE is minimized.

This dramatic effect of moisture content on CTE has

been demonstrated repeatedly for mature cement pastes

since the classic work by Meyers 1951 [3]. Powers

1958 [15], Helmuth 1960 [4], Dettling 1964 [5] and

Bazant 1970 [6] have made significant contributions to

our, yet incomplete, understanding of the underlying

mechanisms. This brief paper gives the authors’ current

view of the mechanisms as a basis for discussions.

CTE cannot be uniquely defined for concrete, since

an imposed temperature change produces time depen-

dent deformations. It is therefore a choice what is called

immediate deformations (ID) and counted as CTE,

and what is considered delayed deformation (DD) and,

thus, not included in the CTE. The DD will include both

a direct temperature gradient effect, and a part of more

complex character – for example, caused by moisture

redistribution, see later.

In practice thermal equilibrium in a test sample is

reached much faster than deformation equilibrium, but

still 1/2 to some hours are needed in most experimen-

tal setups before the temperature gradient is largely

eliminated and ID is defined. ID will of course then in-

clude some fundamental time-dependent deformation

component active during the temperature equilibrium

period. Often in the literature CTE is found from dy-

namic experiments, i.e. deformations are recorded dur-

ing heat-cool cycles. If there is no hysteresis then CTE

is uniquely defined as the slope of the curve in a T vs.

deformation plot; however, in practice there is hystere-

sis that depends both on the specimen size, the rate of

temperature change and the magnitude of DD, produc-

ing a CTE value that may depend strongly on all the

experimental conditions, as well as on any fundamental

time-dependent fenomena.

For hardening concrete an additional complication

exists. Under realistic temperature development (heat-

ing followed by cooling) the total deformation can be

measured relatively easily. To separate the total defor-

mation into its thermal and autogenous components the

best procedure is to calculate the thermal part by using

the temperature history and the relevant CTE [1, 2].
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The thermal part is then subtracted from the total to

produce the autogenous part. However, the autogenous

part determined this way will also include the time-

dependent components, i.e. DD. The consequence is

that definition of the “pure” autogenous deformation

under realistic temperature conditions is very complex,

if not impossible. This “DD-complication” is expected

to depend strongly both on moisture state, degree of

hydration and temperature history. Hence, it is proba-

bly a main reason why the autogenous deformation de-

termined this way behaves very unsystematically with

respect to temperature history, as discussed in [1, 2, 7].

2. Mechanisms

There appears to be general agreement in the litera-

ture that both the strong dependence of CTE on mois-

ture content and the existence of DD are related to

temperature-induced redistribution of moisture in the

pore system. We share this view and will discuss the

mechanisms in three categories, roughly (but not en-

tirely) corresponding to those proposed by Bazant [6].

1. Pure thermal dilation

2. Thermal shrinkage or swelling

3. Relative humidity change

Particular attention will be paid to the two major ob-

servations: (1) CTE increases strongly as the moisture

content is reduced from saturation, and (2) the DD is

large in saturated samples but reduces strongly with de-

creasing moisture content. The DD in saturated samples

is in opposite direction to the immediate thermal (ID);

for partly saturated samples the DD has been found to

be in either direction or almost absent.

2.1. Pure thermal dilation

Each constituent material (solid particles, adsorbed wa-

ter, pore water etc.) has a CTE value. CTE of water is

much higher than CTE of solids. Thus, a very fast tem-

perature increase followed by an isothermal period will

lead to fast expansion (ID), followed by a time depen-

dent contraction (DD) as the induced excess pressure

in filled pores is dissipated by flow to the outside or to

partly empty pores. Scherer [8] and Ai et al. [9] have

used this phenomenon to measure water permeability in

saturated cement pastes. They have also demonstrated

that the phenomenon is “symmetrical”, i.e. a sudden

cooling of a saturated paste leads to a sudden contrac-

tion followed by a time-dependent expansion as water

is sucked in from outside. Depending on the permeabil-

ity of the paste and the distance to available “sinks”,

the pressure release may be fast or slow, i.e. it may

appear as ID and hence be counted in CTE, or as DD.

The literature shows that DD is much larger in satu-

rated samples than in partly dried. Thus, for concrete

in practice where the most normal moisture state is

“natural self-desiccated condition” (80–90% degree of

capillary saturation) less DD is found, and any pressure

relief mechanism is presumably very fast and counted

as ID and part of CTE. This mechanism consequently is

consistent with the observations that DD is greatest in

saturated samples and that DD is in opposite direction

to the ID. However, it does not account for the strong

CTE increase found as the moisture content is reduced

from saturation.

2.2. Thermal shrinkage and swelling

Pore water can roughly be divided into two types. Gel

water, a collective term for water which is strongly

influenced by its proximity to solid surfaces; i.e. in-

terlayer water, adsorbed water and water in very small

pores (gel pores). Capillary water is water in larger

pores (smallest dimension over a few nm), and it is

commonly treated as bulk water under the influence

of capillary tension when the sample is not fully satu-

rated, i.e. when curved water-air menisci exist. At sat-

uration there is no capillary tension, but the water in

these “larger” pores is still commonly referred to as

capillary water, and the pores as capillary pores.

Equilibrium requires that the chemical potential

(molar Gibbs free energy) of coexisting water phases

is equal both before and after a temperature change.

The rate of change of the chemical potential of a water

phase with respect to increasing temperature is the neg-

ative of the entropy. The entropy of gel water is lower

than that of capillary water as shown in Fig. 2, Radjy,

Sellevold and Hansen [10]. Thus, a sudden increase

in temperature leads to a higher chemical potential in

gel water than in capillary water, setting up a driving

force for an internal redistribution of water from gel

to capillary pores. This is expected to lead to shrink-

age, i.e. sudden heating of a cement paste sample is

expected to produce a sudden expansion followed by

a time dependent contraction. On cooling the opposite

effect is expected; a sudden contraction followed by a
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time dependent expansion as water moves from capil-

lary pores to the gel. It is perhaps difficult to visualize

how water can redistribute in a saturated sample, i.e.

when there is no available space. The theory is that,

for example, cooling will force water to the gel pores

in an amount necessary to increase the local pressure

(disjoining pressure) enough to establish equilibrium

in chemical potential with the water in capillary pores.

This pressure in the gel water will produce expansion.

In less than saturated samples the situation is that the

gel pores are full, but the capillary pores partly empty

and with the water under capillary tension. The redis-

tribution takes place as for saturated samples, in the-

ory, implying the possibility of a situation after cooling

when the gel water is under pressure (disjoining) while

the capillary water is under tension. This situation pro-

duces chemical potential equilibrium, but the physical

reality of the situation is perhaps questionable. It should

be added that it is impossible to calculate the magni-

tude of any of the redistribution effects with any rea-

sonable certainty. The thermodynamic arguments tell

us in which direction water moves, but quantification

requires much more basic data than we have presently.

Note that in saturated samples water redistribution

results in changed gel water pressure and hence di-

mensional change. In partly dried samples changing

air-water meniscus radii in capillary pores also comes

into play; for example on heating water moves from gel

to capillary pores, reducing disjoining pressure (con-

traction) in gel, but in the capillaries the increase in

water content leads to increased RH (expansion). Thus

the gel-capillary mechanism is to some extent coupled

to the RH-mechanism discussed in the next section.

Powers [15] and Helmuth [4] explained DD re-

sults for saturated specimens only in terms of this

gel-capillary redistribution mechanism, and did not

consider the excess pressure mechanism due to high

CTE of water discussed above. This is consistent since

gel-capillary mechanism also produces DD in opposite

direction to the ID for saturated specimens. However,

since the transport is internal only no effect of spec-

imen size is expected. In fact a strong size effect is

found [9], hence the gel-capillary mechanism must be

rejected as the main explanation of the strong DD effect

in saturated samples. Helmuth also considered the gel-

capillary mechanism responsible for the moisture effect

on CTE, arguing that at 82% degree of capillary satura-

tion there was “. . .not enough capillary water to allow

redistribution” – i.e. it is the absence of redistribution

that is responsible for the high CTE at 82% saturation.

We do not share this view. The porosity of a w/c = 0.45

mature paste is about 41 vol%. At 82% saturation the

situation is: 19 vol% is water-filled gel pores, while the

22 vol% is capillary pores with 15 vol% water-filled

and 7 vol% empty. With these numbers in mind it is

difficult to accept Helmuth’s explanation, particularly

since moisture redistribution must take place in order

to re-establish equilibrium in chemical potential after

a temperature change.

Thus, in our view, the gel-capillary mechanism is

unable directly to explain the two major observations

on CTE: (1) the strong moisture dependence and (2)

the large DD in saturated specimens and the reduc-

tion/elimination as the moisture content decreases. Di-

rectly, the disjoining pressure changes in the gel pores

implicit in the mechanism will influence the DD to an
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unknown extent in all relevant moisture states, and the

direction will always be opposite to the pure thermal ef-

fect (ID). Indirectly, the moisture redistribution mecha-

nism may play an important role in the RH-mechanism

to be discussed next; but in the same direction as the

pure thermal (ID).

2.3. Relative humidity change

The raw data in the project to obtain enthalpy and en-

tropy of pore water [10] was vapor pressure vs. temper-

ature for a given cement paste at different moisture con-

tents. Figure 3 shows such data in a principle sketch. A

characteristic of the results is that the curves are nearly

straight lines, and that the slopes increase as the mois-

ture contents are reduced, i.e. that the enthalpy of the

pore water decreases with decreasing moisture content,

see Fig. 4, where this is shown to be true for all the ad-

sorbent/adsorbate systems. Figure 3 illustrates clearly

a very important aspect: If the lines were parallel then

the RH would be independent of temperature (easy to

prove mathematically, remembering that at any given

temperature, RH equals the vapor pressure exerted at a

certain moisture content divided by the saturation vapor

pressure). When the lines are not parallel as in Fig. 3

the result of heating from T1 to T2 is that RH increases,

since:

p2

po
2

>
p1

po
1

hence RH2 > RH1

This effect has been measured by several researchers [6,

10–14], and has important consequences for CTE. The

effect is shown in Fig. 5, which is taken from [10]. The

scatter between the three data sources is large, but the

magnitude of the effect is at least indicated. It should be

noted that the data from [10–12] were obtained using

very different principles of measurement. New data by

Nilsson [14] is roughly in line with the plot, but also

shows a clear w/c-effect; the %RH/◦C-factor decreases

as the w/c increases. The phenomenon is further dis-

cussed in [10].

The consequences of the RH-increase on heating

for CTE may be estimated using Fig. 5 and isothermal

shrinkage data, for example Hansen [13]. A mature

paste (w/c = 0.4) cured isolated may self-desiccate

to 85% RH (the value depends on the cement). The

%RH/◦C-factor may be about 0.2%/◦C (Fig. 5), and

the slope of the shrinkage-RH curve about 60 μs (mi-

crostrain) per %RH [13]. Then the apparent CTE

from this mechanism becomes 0.2 × 60 = 12 μs/◦C.

Figure 1 showed CTE to be 22 μs/◦C for the 88%
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saturated paste (roughly corresponding to RH = 85%),

of which then maybe 12 μs/◦C are caused by the

RH-effect.

Thus, the RH-mechanism alone is able to explain the

whole moisture content effect on CTE. However, note

the uncertainty in the value 0.2%/◦C taken from Fig. 5,

i.e. the explanation should only be considered a reason-

able possibility since it works in principle and has the

right order of magnitude. It is of course implied that

the RH-effect is fast and the resulting deformation is

ID – and hence recorded as part of the CTE. This seems

reasonable since the RH-increase is a direct result of

the T-increase and thus a local phenomenon requir-

ing no long range mass transport. Note that in contrast

to the other two mechanisms already discussed, the

RH-mechanism produces deformation in the same di-

rection as the pure thermal expansion/contraction (ID).

It is necessarily coupled with the gel-capillary mecha-

nism for less than saturated samples: heating produces

gel-capillary transport which leads to increased menis-

cus radius and increased RH. There are also other possi-

ble contributing explanations of how in physical detail

the RH-increase on heating is produced. One model is

sketched here: At DCS = 88% the paste certainly con-

tains water under capillary tension due to existence of

air-water menisci. Possibly is each meniscus the inter-

face between the air and a significant volume of pore

water (“ink-bottle” – effect). A temperature increase

will lead to expansion of this water, which again can

result in increased radius of the meniscus as the wa-

terfront moves outward. The increased radius leads to

an increased RH according to the Kelvin equation. The

increased temperature also leads to reduction of the

air-water interfacial tension – again increasing the RH.

The model is discussed in more detail in [1] and [10],

but we note that the model is one of principle only – it

has too many degrees of freedom to allow quantitative

tests, as was the case for the gel-capillary mechanism.

3. Conclusions

The paper demonstrates the strong effect of moisture

content on CTE, and discusses the mechanism(s) be-

hind. From a practical point of view crack sensitivities

may be reduced by keeping the concrete as wet as pos-

sible during the early phase. This minimizes CTE and

will largely eliminate autogenous shrinkage.

From a fundamental point of view the situation is

less clear. It is satisfactory that the RH-mechanism ap-

parently alone is able to explain the large effects of

moisture content on CTE, and that the large delayed de-

formation (DD) in saturated samples may be explained

by pore water pressure due to differences in CTE of

the solid and water phases. The source(s) of the RH-

variation with temperature, the rate and magnitude of
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the gel-capillary redistribution mechanism and the na-

ture and magnitude of the DD-effects in less than sat-

urated samples are not resolved today. In our view the

most urgent need is for more systematic experimen-

tal data, starting with mature hardened cement paste in

well-defined moisture states subjected to different and

well-controlled temperature changes. This is a neces-

sary first step before introducing the complexities of

changing temperatures in hydrating cement pastes.

It should be kept in mind that our primary goal is

the practical one of understanding CTE in order to sep-

arate thermal deformations from autogenous deforma-

tions for concrete hydrating under realistic temperature

regimes. This is necessary in order to be able to formu-

late models for each type of deformation to be used in

early age crack risk calculations.
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ABSTRACT 
 
Three different methods for crack risk assessment of early-age concrete 
based on stress-strain based criterions are considered; (1) advanced and 
(2) simplified solutions based on linear viscoelasticity for aging 
materials and (3) a method based on the age-adjusted effective E-
modulus method. Regarding the reliability of the methods, the 
agreement between calculated results and results from several 
experimental series is investigated. It is shown that the agreement is best 
for the most advanced method, but that it also is satisfactory for the more 
simplified methods.  
 
Key words: early age concrete, calculation, simplified methods, degree 
of restraint. 

 
 

1. INTRODUCTION 
 
Methods to determine the risk of early-age cracking should be based on stress-strain based 
criterions and consider the many crucial factors involved; material properties as hydration heat 
development, thermal conductivity, mechanical properties, creep, autogenous shrinkage, thermal 
dilation, and external factors as ambient air temperature, wind speed, formwork-stripping, fresh 
concrete temperature and finally structural restraint from adjoining structures and subgrade. To 
obtain reliable calculation results, and to achieve an efficient methodology to prevent such 
cracking, were two major objectives by the Brite-EuRam Project IPACS (Improved Production 
of Advanced Concrete Structures) with partners from Sweden, Norway, The Netherlands, 
Germany and Italy (1997-2001). Although this project and several other comprehensive research 
projects have been conducted the latest years, the reliability of results from such analyses is still 
not generally accepted to be satisfactory. This might partly be due to lack of common 
understanding of the theoretical approach, but also to the fact that only few researchers have 
tried to work with a broader range of experimental data, and results obtained at different 
laboratories. Comparison of results obtained at different laboratories should be a major topic in 
this context because it is impossible that the different calculation methods can agree if they are 
adapted to experimental results with large deviations.  
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A major objective by this paper is to investigate the agreement between different calculation 
methods and results from several comprehensive experimental series. Three different methods 
for crack risk assessment of early-age concrete based on stress-strain based criterions are 
considered. Two of them are based on linear visco-elasticity for aging materials (advanced and 
simplified solution), while the third one is a method based on determination of the structural 
degree of restraint and the age-adjusted effective E-modulus method.  
 
 
2. SIMPLIFIED METHOD BASED ON DETERMINATION OF  THE DEGREE OF 

RESTRAINT AND THE AGE-ADJUSTED EFFECTIVE E-MODULUS 
 
 
2.1 Structural systems and application of the term: Degree of restraint (R)  
 
Due to time consuming calculations and the large variety of external conditions which have to 
be investigated, simplified models and methods can be very useful. In these methods the term 
degree of restraint is commonly used. It can be defined as the stiffness of the restrained structure 
divided by the total stiffness of the system as illustrated in figure 1. It is usually denoted by R, 
and may vary between 0 and 1 (0 and 100%). It can also be explained as the degree of free 
movement prevention.   
 
 

 
Figure 1 - Illustration of the degree of restraint  
 
 
In all types of concrete structures the degree of restraint can be determined by linear elastic 
analyses. An arbitrary constant temperature load (αT∆T) can be applied on the hardening (or the 
considered) part of the structure, and the resulting stresses calculated. The largest tensile stress, 
which in most cases is parallel to the structures length-axis, and located in the lower central part 
of the hardening concrete, is then compared to the stress level for 100 % restraint, i.e. with no 
strain. The degree of restraint is calculated as: 
 

TE
R

T ∆
=
α

σ     (1) 

1 2

C C

C C

E A
R

E A k k
=

+ +  

ECAC

k1 

k2 



Proc. of the Nordic workshop: Crack risk assessment of hardening concrete structures, Ed. by Bjøntegaard Ø. and Kanstad T., 
Trondheim, March 31 – April 1, Printed in 2006 by The Nordic Concrete Federation (www.tekna.no/NCF), pp. 101-110 

 

 
103

σ = Stress in the length direction for the hardening part of the structure [MPa] 
αT = Thermal dilation coefficient [°C-1] 
∆T = Prescribed temperature load [°C] 
E = Elastic modulus of the hardening concrete [MPa] 
 
The restraint factor will in principle be different for the expansion and the contraction phase due 
to the different E-modulus, but experience has shown that the difference is small. It is therefore 
recommended that the same degree of restraint can be used for both phases.  For further 
discussion see f.i. [1-4]. 
 
 
2.2 Examples 
 
Figure 2 shows how the degree of restraint varies with the height coordinate in a hardening 
concrete wall on a strip foundation for three different geometries.  Typical values for other types 
of structures are found in [1-4]. 
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Figure 2 -  Hardening concrete wall cast on strip foundation. Degree of restraint versus height-
coordinate for different wall length; L=10m, 15 m and 25 m [2]. 
 
 
2.3 The Age adjusted effective E-modulus method (AEM) 
 
This method, which originally was proposed by H.Trost, was first used on early age cracking 
problems by Larsson [5]. While this work was limited to an ordinary Swedish bridge concrete, it 
has now been verified towards results from a series of Norwegian bridge concretes with 
different binder types as part of the Norwegian Nor-Crack project [6,12].  
 
The background and the different model parameters are illustrated in Figure 3a.  As seen in the 
figure, the most realistic stress history has a similar shape as the temperature history, with an 
initial compressive phase (heating) and a subsequent tensile phase (cooling). An accurate stress 
calculation method requires that the complete stress history has to be described, which in most 
cases have been done using descriptions based on the theory of linear visco-elasticity for aging 
materials. For simplified methods, however, this is not convenient due to the need for numerical 
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solutions, and one alternative is to use a method based on the AEM. In this case one might 
neglect the compressive phase, and assume that the tensile stresses are constant in time, starting 
at the decisive point of time t2, which is the time when the stress is zero as illustrated in figure 
3b.  
 
 
a) 

 
 
b) 

 
 
Figure 3 - (a) Typical temperature- and stress development versus time used to illustrate the 
Age adjusted effective E-modulus method. (b) Simplified stress history used in the AEM-method. 
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The time, t2will occur shortly after the temperature reaches its maximum. It can be related to the 
part of the cooling temperature, Ie the temperature reduction after t2 as: 

  

2 0 2 1 0( )T T k T T− = × −  

 

For k2 Larson [5] used the following expression:     2 1, 41 1,36
w

k
b

= − ×  

 
In the Nor-Crack project it was found that t2 lied considerably closer to the temperature 
maximum than predicted by Larson’s equation. The main reason is probably larger autogenous 
shrinkage in the Norwegian concretes, and it was shown that k2=0,92 gave the best  agreement 
with the experimental results.  In the calculation procedure, the corresponding time t2 can be 
determined from the temperature-time curve after k2 and T2, have been determined.  Furthermore 
it is assumed that the sum of autogenous deformation and thermal strain occurring after t2 is the 
stress giving strain (initial strain), and that the whole stress is applied in one step at t2: 
 
 0 2 3 2 3 2 3 2 3 3 2( , ) ( , ) ( , ) ( , ) ( )AD TD AD Tt t t t t t t t T Tε ε ε ε α= + = + − ×  

 
The effective longtime E-modulus used within ordinary structural design methods (calculation 
of deformation, stresses and crackwidth), /(1 )eff cE E ϕ= +  is based on the assumption that the 

concrete stress is approximately constant in time. To compensate for the gradual stress 
development, which occurs after t2 in this case, the creep-ratio in the effective E-modulus 
expression is multiplied by a reduction factor, termed the aging coefficient XAEM. The age 
adjusted effective E-modulus, EAEM, is then expressed as:  
 

2

2 3

( )

1 ( , )
C

AEM
AEM

E t
E

X t tφ
=

+ ×
 

 
In which t3  is the time (in days) when the crack risk is should be determined, t2 the time at zero 
stress, EC(t2) the E-modulus at t2, and Φ(t2 t3) the creep ratio representing the creep at t3 for 
stress applied at t2.. In [4] the following expression for the aging coefficient was used:  
 

20,69 0,005AEMX t= + ×  

 
It was not possible to find another expression or a modification of this equation which gave 
better agreement with the Nor-Crack test results. Finally the stress may be calculated as: 
 
 3 0 2 3( ) ( , ) AEMt t t E Rσ ε= × ×  
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2.4 Verification 
 
Within Nor-Crack the method was verified towards TSTM-tests (Temperature-Stress-Testing-
Machine or stressrig) on a wide range of different concretes with varying content of silica fume, 
flyash and blast furnace slag [12].  The calculated versus experimental results are presented in 
figure 4. To characterize the deviation between theory and experiment, the standard deviation 
for the tensile stress at t3 is calculated to 0,51 N/mm2.  Utilizing this information, an upper 
characteristic value of the tensile stress can be calculated as:  
 

MPakAAEMMkAEM 51,0, ⋅+= σσ  

 
To achieve the value with 5% probability to be exceeded, k=1,645 should be used: 
 

MPaAAEMMAEM 84,095,0, += σσ  

 
 
Figure 4. Tensile stresses after 13-17 days. Results from calculation by AEM versus TSTM-test 
results.       
 
 
3 LINEAR VISCO-ELASTICITY FOR AGING MATERIALS: ADVANCED 
SOLUTION METHODS USED BY DIANA OR A VISUAL BASIC PROGRAM 

 
The linear visco-elasticity for aging materials is probably the most suitable theory for early age 
crack prediction programs. A main advantage is that the entire time history of the structure may 
be simulated, and if finite element analysis is being used, both critical points of time and critical 
positions may be automatically determined. This theory has been frequently used for early age 
cracking problems by many researchers the last two decades, see f.i. [7,8,9]. In the present work 
the following compliance function, including the double power law for creep, and the modified 
CEB-equation for the E-modulus development [10], has been used:    
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Figure 5 shows calculated versus experimental TSTM-results as presented in figure 4 for the 
simplified method. It is important that the model parameters were determined from independent 
test. Determination of the creep model parameters is described by Atrushi [8]. This means that 
no curve-fitting towards the experimental TSTM-results has been carried out. The standard 
deviation for the tensile stress after 13-15d is s = 0,34 N/mm2.  
  
 

 
 
Figure 5 - Tensile stresses after 13-17 days. Results from calculations by linear viscoelasticity 
for aging materials versus TSTM-test results.       
 
 
 
4 LINEAR VISCOELASTICITY FOR AGING MATERIALS: SIMPLIFIED 
SOLUTION BASED ON THE BURGER MODEL (4C TEMP&STRESS) 
  
Several special-purpose finite element programs for analysing 2D temperature and 2D-2½D 
stress development in hardening concrete structures have been developed in recent years, e.g. 
CONSTRE, HACON, 4CTEMP&STRESS and HEAT2.5D [11].  In such programs usually only 
a slice (the cross section) of the structure is modeled, and while the temperature variations over 
the cross section can be quite accurately predicted, simplifications as the compensation plane 
method or the Navier-Bernoulli hypothesis  (infinitely long structure assumptions), must be used 
to determine the principal stresses in the out of  plane direction which usually are the main 
reason for cracking. Consequently, the adequate use of these programs requires knowledge of 
the total 3D structural response and the transformation into 2D-2½D models.  
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The physical interpretation and the basic equation of the creep model are illustrated in figure 6. 
For each new time-step the incremental creep strain may be calculated as a function of the 
current state of stress, and it is not necessary to take the entire stress history into account as it is 
when the general linear viscoelasticity is used. 
 
A comprehensive evaluation towards the previously considered TSTM-test results has been 
carried out as part of the NOR-CRACK project [6], and some major results are summarized 
here. The solution of the Burger model was programmed in Excel, and the calculated versus 
experimental TSTM-results are presented in figure 7. 
  
 
 

 
 
 
 
 
 
 
 
Figure 6 – The Burger Model 
 
 

 
Figure 7 - Tensile stresses after 13-17 days. Results from calculations by the Burger model 
versus TSTM-test results.       
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In the analyses two sets of creep parameters have been used: The model parameters were either 
values determined by a specially designed test program on relevant Danish concretes, (reported 
by DTI and defined as default in the program) or model parameters determined from standard 
creep tests carried out at NTNU [9]. Comparing experimental TSTM results by theoretical 
values, the standard deviations for the two cases are 0,48 and 0,79 MPa, respectively.  Our 
general conclusion, which confirms previous experience (Bosnjak [8]), may be stated as:  The 
default values from DTI gave better agreement to the experimental behaviour than the ones 
determined from NTNU’s creep tests, and should therefore be used. This is surprising, but it 
might be explained by the statement that the Burger model is unsuitable to describe creep under 
constant stress by model parameters which also are valid under variable stresses. It can also 
simply be stated that the model is too simple to describe creep under general stress histories. 
 
 
5  CONCLUSIONS 
 
For determination of the maximum tensile stress, the general solution based on linear visco-
elasticity is in considerably better agreement with the TSTM results than the simplified 
solutions based on the Burger model, and the age-adjusted effective modulus method AEM (The 
standard deviations are 0,34 vs 0,48 and 0,51MPa, respectively). 
 
An upper characteristic value of the calculated tensile stress can be calculated as:  
  
 
 
With 5% probablility to be exceeded, k=1,645 should be used, and based on the findings 
reported in this paper, we achieve the following expressions for the three investigated methods: 
 
Age adjusted effective modulus method:  MPa84,0

95,0
+= σσ  

 
Burger model:     MPa79,0

95,0
+= σσ  

 
Linear visco-elasticity:   MPa56,0

95,0
+= σσ  

 
Furthermore should the calculated stresses be used in a crack-criterion as follows: 
 

tkf×=≤ ασ 95,0  

 
Where α in a range between 0,6 and 0,8 should be used. 
 
In certain cases it can be worthwhile and economical to use the most advanced solution method. 
One should also remember that the linear visco-elasticity and finite element analysis makes it 
possible to simulate the entire stress history and to predict the critical time for cracking and the 
critical positions automatically. 
 
 

skk ⋅+= σσ
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ABSTRACT 
 
The Norwegian R&D project "NOR-CRACK" was carried out in the 
period 2001-2005. The paper gives project information, some overall 
results and shows the lay-out of a concrete materials database which is 
under development containing ready-to use input data for temperature- 
and stress simulations of hardening concrete structures. New 
experimental data have been generated and compositional parameters 
such as silica fume content, cement type, and low-heat 3-powder binder 
compositions have been investigated. 1D, 2D and 3D stress calculations 
have been performed and a simplified calculation method has been 
evaluated. Structural analyses have been compared to measurements 
from field tests. A guidelines report is under progress. 
 
Key words: project information, hardening concrete, crack sensitivity, 
concrete composition, experimental tests, temperature- and stress 
simulations, materials database. 

 
 

1. INTRODUCTION / PROJECT INFORMATION 
 
The main aim of the project was to generate data for, and to perform, temperature- and stress 
simulations of hardening concrete structures, as well as to investigate properties on a more 
fundamental level such as early age creep, autogenous deformation and coefficient of thermal 
expansion (CTE). Various compositional parameters have been investigated in terms of their 
effect on cracking tendency. Silica fume (s) content, cement type and low heat concretes with 
fly-ash (FA) or blast furnish slag (BFS) have been the main variables. The investigated 
concretes had water-to-binder (w/b) ratios in the range 0.40-0.47. The main activities in the 
project are shown in the list below. The following chapters give some overall results from the 
project. 

1. Materials testing  
2. Modelling and stress calculations (simplified method, 1D, 2D and 3D) 
3. Creation of a materials data base for “Norwegian concretes” 
4. Field testing 
5. Fundamental research (creep, coefficient of thermal expansion, autogenous deformation) 
6. RILEM-committee work, including a Round Robin test program on autogenous 

deformation 
7. Knowledge transfer (students, reports, articles)  
8. Nordic mini-seminar 



NTNU was project leader (Prof. T.Kanstad and Prof. E.J.Sellevold). Ph.D.-student J.Guomin, 
Postdoc K.T.Fosså and Postdoc Ø.Bjøntegaard were all project financed. Total budget was 
around 1 mill EURO, of which 65% was founded by The Norwegian Research Council. The 
remaining 35% was a combination of own research and financial support from the following 
project partners (active persons in parenthesis): The Norwegian Public Roads Administration 
(C.K.Larsen), Skanska Norge AS (S.Helland, S.Smeplass), Norcem AS (K.O.Kjellsen), Elkem 
ASA Materials (P.Fidjestøl), Fesil ASA (M.Carlsson). 
 
 
2. EFFECT OF CONCRETE COMPOSITION: LAB. AND CALCULATIONS 
 
2.1  Background: Experimental test conditions 
 
All concretes referred to in the following were tested under both 20 oC isothermal and semi-
adiabatic conditions (20 oC initial concrete temperature), while some concretes were tested also 
at other temperatures. The semi-adiabatic test conditions were found from temperature 
calculations of 0.6 - 1.0 m thich wall structures using hydration heat results for each given 
concrete as input. 
 
 
2.2 Effect of silica fume (s) 
 
Concretes with w/b=0.40, CEM I-52.5 LA, and with s-contents of 0, 5, 10 and 15% (of cement 
weight) have been tested with 20 oC and 30 oC initial concrete temperature and different 
maximum temperatures (1-3). The results show for the properties relevant for crack sensitivity 
that the concretes behave quite similar except for autogenous shrinkage and tensile strength - the 
“competition” between these two properties appears to be the most important in terms of crack 
sensitivity. Generally the autogenous shrinkage was increased with s-content (negative from a 
cracking perspective), but this was strongly temperature dependent and also counteracted by an 
increase in tensile strength (positive from a cracking perspective). For this reason no clear effect 
was found of 0-10% s content on the crack sensitivity for maximum curing temperatures of up 
to around 50 oC. Above 60 oC maximum the concretes with 10% and 15% tend to have 
increased crack sensitivity because autogenous shrinkage became very high. No significant 
difference in cracking tendency was found for the concretes with 0 and 5% s regardless of 
temperature history. 
 
 
2.2 Effect of fly-ash (FA) and blast furnace slag (BFS) 
 
Concretes with w/b=0.47 (5% s of cement weight) and with 40, 60 and 100% FA or BFS (of 
cement weight) were tested (5-7). For these concretes the results show that the given FA 
systematically reduces the crack sensitivity mainly, not surprising, due to reduced heat 
development, while the positive effect is not so pronounced for the given BFS. Fig. 1 shows 
direct tensile strength and E-modulus vs. adiabatic temperature rise for the concretes with 
varying FA- and BFS content, including a reference without FA/BFS (having the highest 
adiabatic temperature rise). The trend is a rather small decrease of tensile strength and stiffness 
with FA/BFS content, whereas the adiabatic temperature rise is significantly reduced. The 
results on autogenous shrinkage showed little influence of FA and BFS (when cured at semi-
adiabatic temperatures realistic for a 1 m thick wall structure) whereas the CTE was somewhat 
reduced with FA- and BFS-content; most pronounced for FA. 
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Fig. 1  
 
Relation between adiabatic 
temperature rise and direct 
tensile strength and E-
modulus. Concretes with 
varying FA- and BFS 
content. 
 

 
3D-calculations (20 oC initial concrete temperature, 20 oC air temperature) were carried out for 
some of the concretes, among others for the reference (no FA/BFS) and the one with 60% FA. 
Fig.2 and 3 shows geometry/element net for the simulations. The results showed that the given 
FA-concrete had a crack index (ratio concrete stress to tensile strength) of 0.6-0.75 in the two 
structures, which is rather good considering the geometry (1 m thick walls) and the rather high 
degree of restraint (around 70%) from the bottom slabs. Calculated crack index for the reference 
concrete was 20-30% higher (. For the 60% FA concrete one case with 10 oC initial concrete 
temperature and 10 oC air temperature was (tested and) simulated. This condition reduced the 
crack index with 15-30% compared to the 20 oC case.  
 
In the present test series with varying FA-content it is notable that that a k-factor of 1.0 was used 
when calculating the mass ratio (m = water / (cement + 2.0 x silica fume + k x FA), while the 
European standard EN-206-1 states that a k-factor of 0.4 shall be used. The consequence for 
practical use is that the w/b-ratio must be lowered significantly (w/b=0.36 for 60% FA) 
compared to a reference without FA (having w/b=0.47) to be within the same mass ratio class 
(here m=0.45). Low w/b generally leads to higher crack sensitivity, hence the advantageous 
behaviour of adding FA (mainly reducing heat with k=1.0) seen in the present test series will 
probably be smaller (if present at all) with the use of k=0.4. This issue should be explored 
 

 
 
Fig. 2  
Element net for a 3D-calculation of the 
double wall field tests (18) 
 

 
 
 Fig. 3  
 Element net for a 3D calculation of 
 a tunnel part (19) 



 
 
further in the future. Moreover, in the on-going submerged tunnel project in Norway (to be 
placed outside the opera in Oslo) the descriptions set by the Norwegian Road Administration 
gives a k-factor of 0.7. This probably improves the chance of “getting out” potential beneficial 
effects of FA in terms of low crack sensitivity since the necessary w/b-ratio to satisfy the mass 
ratio class then becomes higher (w/b=0.41 for 60% FA). 
 
 
2.3 Effect of cement type 
 
Concretes with three different cement types and three different contents of FA in combination 
with one of the cement types were tested. The results are presently being analysed and the 
results will be reported in (4).  
 
 
3. FUNDAMENTAL STUDIES 
 
3.1 Coefficient of thermal expansion (CTE) 
 
It is generally agreed that the CTE of hardened cement paste and concrete is strongly moisture 
dependent. This has been found also for the hardening phase (9, 17), hence the topic is very 
relevant for early restraint stress development since thermal dilation is the primary driving force 
in most cases. The issue has been dealt with in the project (21-23). Thermally induced 
deformations has been discussed in three categories: 

A) Pure thermal dilation (immediate response) 
B) Thermally induced relative humidity change (immediate response) 
C) Thermally induced shrinkage or swelling (delayed/slow response) 

 
Mechanism (A) is simply that cement paste (binder) and aggregate each has a CTE value which 
gives a certain CTE when interacting in concrete. Water saturated cement paste is generally 
found to have a CTE around 10-13 x 10-6/oC. 
 
Mechanism (B) has been known in principle, but was quantified recently (23), and it is a 
plausible explanation of the CTE moisture dependence. It is found that RH in partly saturated 
cement paste pore systems increases during a temperature increase (and vice versa) and that the 
change in RH pr. oC change in temperature (the %RH/oC-factor) may be about 0.2%/oC. The 
effect is not present for saturated systems. Furthermore, when studying shrinkage vs. RH curves 
it can be found that a shrinkage (or swelling) of around 10 x 10-6/oC can be expected for a 
change in RH og 0.2%. Hence for a partly saturated cement paste the 10 x 10-6/oC caused by the 
RH-effect will add to the pure CTE of 10 x 10-6/oC. The result is that the CTE of cement paste 
may vary from around 10 x 10-6/oC (saturated state) to around 20 x 10-6/oC (semi-dry state). The 
moisture effect for concrete is less, but still significant. The consequence for hardening cement 
paste and concrete is an increased CTE over time for systems that self-desiccates (low w/b-
ratios). Such behaviour has been shown several times in tests.  
 
Mechanism (C) is considered to be slower than (A) and (B), since it involves transport of water. 
(C) is considered mainly responsible for the so-called “delayed deformations” and thereby for 
the fact that it is difficult to separate thermal- and autogenous deformations in the hardening 
phase, see (21-23) for more details. 



3.2 Creep tests in tension and compression on FA- and BFS-concretes 
 
Creep tests on FA- and BFS-concretes were performed as a part of an on-going Ph.D.-project 
(7). The present evaluation indicates that FA or BFS both influences the relation between 
compressive and tensile creep as well as the creep magnitude. The results show increased creep 
in the concretes containing FA or BFS. This then contributes to higher stress relaxation which is 
beneficial for reducing cracking risk, in addition to the more well-known and expected effect - 
the reduction in hydration heat. The Ph.D.-work will be concluded in 2006. 
 
 
4. MATERIALS DATA BASE 
 
The concretes presently incorporated in the materials database is given in Table 1. The table 
shows only part of the concretes that have been tested; other concrete results are not yet 
prepared for the format of the database. The data is generated during the present (1-7) and in 
previous projects (8-12). The following properties are determined experimentally: Activation 
energy, heat development, coefficient of thermal expansion, autogenous deformation, 
mechanical properties, creep and stress development in a Temperature-Stress testing machine. 
 
The idea of the data base is that the user of a temperature/stress calculation program can get 
relevant input data according to a given w/b-ratio, strength, cement type etc. The data is then 
available on a printed page or from an Excel sheet by clicking on the link given in the right 
column in Table 1. An example of such page for the concrete denoted “Basic-5” is given in 
Fig.4. For the sake of user friendliness all data is on a single page. For some properties different 
sets of parameters for different models are given, as well as discrete data (to be used directly in 
programs/systems). For autogenous deformation (the two boxes at the right in Fig.4) the data for 
different maximum temperatures are given as well as for different initial temperatures of the 
concrete (if tested). The simple exponential functions in the material data base used to express 
autogenous shrinkage does not take into account the autogenous expansion that may occur in 
concrete during the cooling phase (after being through high curing temperatures) (9, 16, 17). 
However the model expresses the overall behaviour/magnitude of autogenous deformation. All 
data are given as functions of maturity (equivalent) time. Default values are put in for properties 
that are not covered by tests - this is then noted in the data sheet. Adequate references are also 
given (bottom in Fig.4). A separate data sheet only containing default (average) parameters will 
also be made for given concrete qualities. 
 
Examples of models and parameters used are the Arrhenius constants (A and B) expressing the 
activation energy. For heat development parameters in the Freiesleben-Hansen equation (13) 
used in the program 4C-Temp&Stress and the equation used in the Swedish program 
ConTestPro (14) are given. The coefficient of thermal expansion (CTE) is given as one 
(average) constant value even though the CTE will increase with time as the concrete self-
desiccates (9, 16, 17), as already discussed. However, one constant CTE-value is very 
convenient for implementation in calculation programs1. A modified CEB-FIP 1990 Model 
Code (MC) equation is used to express the development of the mechanical properties, while the 
double power law expresses the creep behaviour (names of the default creep files in 4C-
                                                           
1 Thermal dilation and autogenous deformation are measured simultaneously in tests performed with variable 
temperature, hence autogenous deformation is found by subtracting the thermal dilation from the total measured 
strain. The procedure then means that the possible inaccuracy in using a constant CTE is compensated by the 
autogenous deformation given in the data sheet (the sum of the two strain types gives the measured strain for the 
particular temperature history used in the test). 



Temp&Stress are also given). Autogenous deformation is also expressed by the MC equation, as 
well as the equation used in ConTestPro. 
 
 
5. FINAL COMMENTS / FUTURE WORK 
 
The effects of compositional parameters such as FA and BFS have been investigated. Such low-
heat concretes have not been used extensively in Norway up till now, but the development trend 
goes in this direction. This is likely to be positive from a hardening concrete cracking 
perspective (and for durability aspects more generally). The project has generated new 
knowledge, but much research is needed in the future as the low-heat concrete technology 
develops. This holds also for the development of blended cement types (CEM II and CEM III). 
 
A guideline report compiling results and experience from the present and previous projects has 
started. The report will also include the presented materials data base for “Norwegian” 
concretes. The progress rate of the report is dependent on further financial support. 
 
Fundamental research: The interaction/separation between thermal dilation and autogenous 
deformation during selected variable temperature histories has been investigated for some 
concretes. CTE has also been studied (theoretically/literature) for hardened cement past and 
concrete in order to understand the fundamental mechanisms behind its moisture dependence. 
However, many important questions remain unresolved, and further research could hopefully 
increase the knowledge also for hardening systems, for instance the effect of concrete/binder 
type, moisture level and time-development at different temperature regimes. Furthermore, 
autogenous deformation is rather unsystematically affected by the temperature history; both the 
rate and total magnitude may vary greatly for a given concrete. For stress simulations of 
structures, autogenous deformation input data should be determined experimentally at semi-
adiabatic temperature(s) as close as possible to what is expected to occur in the field. The 
presented materials data base expresses autogenous deformation with a simple exponential 
function which is fitted to test results directly or interpolated between test results from different 
temperature histories. Note particularly that isothermal tests are not useful as basis for predicting 
autogenous deformation under variable temperatures. 
 
Table 1 - Overview of concretes in the materials database 

 



 
 
 
Fig. 4 Materials data base for the concrete denoted “Basic-5”
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