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AB STRACT 

This thesis presents results from laboratory tests and numerical analyses of stress 
states in concrete structures arising from volume changes due to temperature and 
shrinkage during hydration. The laboratory tests presented here deal with: 

• the determination of heat transfer coefficients for cooling pipes 

• measurements of self-desiccation and shrinkage under sealed conditions 

• deformation measurements under temperature and moisture changes 
and measurements of stress development during hardening for a fully 
restrained structural member. 

The thesis comprises three papers dealing with the following topics: 

Paper A - Air cooling of concrete by means of embedded cooling pipes. 
- Laboratory tests of heat transfer coefficients 

This paper presents a laboratory method for determining heat transfer coefficients 
for cooling pipes. The embedded cooling pipes are used in order to reduce the 
temperature rise in massive structures as a measure against thermal cracking. 
When air is used as cooling medium, relative large diameters with surface profiles 
(roughness) causing friction losses along the pipe are preferable. Heat transfer co-
efficients for two different types of cooling pipes have been determined for vary-
ing pipe flows in combination with different temperature levels. Paper (A) con-
stitutes the first part of the thesis dealing with the laboratory tests on heat transfer 
coefficients. 

Paper  B  - Air cooling of concrete by means of embedded cooling pipes. 
- Application in design 

Paper  B  constitutes the second report on the subject air cooling of concrete. Em-
bedded cooling pipes are used in order to reduce the risk of thermal cracking in 
early age concrete. Traditionally, water has been used as the cooling medium, but 
air cooling has shown to be advantageous in many applications. The experimen-
tally determined heat transfer coefficients of cooling pipes, investigated in Paper 
A, have been used and verified in comparisons with in situ measurements at the 
Igelsta Bridge in  Södertälje,  Sweden. The close agreement between measured and 
calculated temperatures of air-cooled sections seems to justify the use of average 
heat transfer coefficients. A few exemplifying calculations are also given, and the 
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general behaviour of cooled structures is discussed. The principles of designing 
cooling systems for the general case are proposed. It is concluded that it is possi-
ble to design prismatic structures, such as a columns, by the use of existing mod-
els and the measured heat transfer coefficients evaluated according to the method 
presented in Paper A. 

Paper  C  - Deformation and Stresses in Hardening Concrete due to 
Simultaneous Changes in Humidity and Temperature. 

- Laboratory tests and evaluation 

This paper describes test methods and equipments for determination of strength 
and maturity growth, heat of reaction, and free thermal deformation. Measure-
ments of shrinkage, relative humidity and stress development are carried out under 
sealed conditions during hardening of the young concrete. 

Results for both high performance and normal strength concretes are presented 
and discussed here. Also, methods for describing shrinkage at sealed conditions as 
a function of maturity and as a decrease in relative humidity are presented. An 
evaluation is performed of the free thermal deformation during the hardening of 
concrete where the deformation is separated into pure thermal deformation and 
shrinkage. In this context some pilot calculations of non-linear modelling of stress 
development have been performed taking stress-induced deformations and simul-
taneous changes in humidity and temperature into account. Calculations are made 
for a structural member which is fully restrained, i.e. to a degree of 100%. A sen-
sibility analysis of the non-linear stress model is performed and presented. 

Key words:  

Cooling pipes, High Performance Concrete, Laboratory tests, Non-linear model-
ling, Relative humidity, Self-desiccation shrinkage, Thermal dilatation, Thermal 
stresses. 
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AIR COOLING OF CONCRETE BY MEANS OF 

EMBEDDED COOLING PIPES 

- Part I: Laboratory tests of heat transfer coefficients. 

Hans Hedlund,  Patrik Groth  

Luleå  University of Technology, Div. of Struct.  Eng.  

ABSTRACT 

Embedded cooling pipes can be used to reduce the temperature rise in massive 
structures as a measure against thermal cracking. When air is used as cooling me-
dium, relatively large diameters with profiles causing friction losses along the 
pipe are preferred. In this paper heat transfer coefficients for two different types 
of cooling pipes have been determined for different pipe flows in combination 
with various temperature levels. This paper relates to the first part of the investi-
gation dealing with the laboratory tests of heat transfer coefficients. The second 
part is presented in [ 1]. 

1. INTRODUCTION 

Generally, the temperature rise in a concrete structure due to the hydration proc-
ess and thermal flow causes temperature differences, which on account of re-
straint conditions present in the structure produce thermal stresses [ 2], [ 3], [ 4], [ 
5]. During the first hours after casting the mean temperature ascends. Larger 
thermal expansion in the core compared to the surface generates tensile stresses in 
the surface layer. Afterwards, as the mean temperature decreases the stresses are 
reversed so that the surfaces are under compression. This is valid for the cases 
where surface cracks are of main concern. 

There are, however, many applications where the risk of through cracking is of 
greater importance. Through cracks develop as a result of restraint between the 
hardening concrete structure and foundation and / or previously cast adjoining 
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structures. Through cracking may also occur if the mean temperatures rise in dif-
ferent parts within the cast structure differ considerably. 

In both cases of early age cracking referred to above the thermal movements due 
to hydration is the key factor to the development of cracks in concrete structures. 

At the  Luleå  University of Technology, studies of thermal and mechanical prop-
erties of concrete in early age have been carried out during the last decades. 
Methods for the evaluation of material properties of concrete have been estab-
lished and tools for numerical analysis of temperature, moisture and temperature 
stresses have been developed [ 2], [ 6]. Research is currently aiming at establish-
ing material properties of new concretes such as high performance concrete, 
(HPC) [ 7], [ 8], [ 9], energetically modified concrete, (EMC) [ 10], concretes of 
various three powder mixes etc. These properties are then used in theoretical 
modelling. The modelling is focused on combined effects of moisture and tem-
perature changes on stresses in early age concrete by means of calculations in 2D 
and 3D models. 

This paper deals in particular with laboratory tests related to a new method of re-
ducing the risk for thermal cracking in concrete structures by air cooling. Pipes 
are placed in the structure and air is circulated through them during the first few 
days after casting in order to reduce the temperature differences between core and 
surface. Thus, the risk of surface cracking is prevented. The method has many 
advantages over the traditional use of water as cooling medium, particularly in 
tall, prismatic structures such as columns and thick walls. 

Previously, a number of temperature recordings have been made on the building 
sites of the  Tjörn  Bridge (1980) and of the Igelsta bridge (1992 and 1993) in 
Sweden, where this air-cooling technique was used [ 12], [ 13], [ 14], [ 15]. The 
results from the measurements have been used for comparison with calculations 
of the temperature development in the air-cooled sections and a good agreement 
has been achieved [ 1], [ 16]. 

In order to get reliable data to carry out the calculations, heat transfer coefficients 
of the cooling pipes were measured in experiments. Two types of pipes have been 
studied in the laboratory tests, and one of them was used at the Igelsta bridge as 
cooling pipe. This paper describes the experimental part of this investigation and 
the evaluation of the heat transfer coefficients. 

For making full use of the advantages of a cooling system, prediction of the ef-
fects concerning temperature and temperature related stresses have to be exam-
ined more carefully for each specific case. Designing an air cooling system in or- 
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der to reduce temperature rise in massive concrete structure raises two important 
questions: 

• Will the demands concerning temperature and stresses be met? 

• What arrangement of cooling pipes, fans etc. have to be implemented 
in order to secure the necessary cooling effect? 

The required cooling effect can be expressed as the air flow rate in the system of 
cooling pipes. Design of fan capacity and other equipment, connected with the 
cooling system, follows current methods of ventilation engineering and mass flow 
in pipes. 

When studying a concrete structure from the point of view of early age cracking, 
with or without embedded cooling pipes, the main issue is of course whether or 
not cracks actually will occur. Thus, it is necessary to relate developed stresses to 
the concrete strength. This is further discussed in [ 2], [ 11], [ 17]. Besides ap-
propriate knowledge about mechanical properties of the concrete, the temperature 
development in critical cross sections has to be calculated to be able to do proper 
thermal stress analysis. Simulation of the temperature development in the struc-
ture (see e.g. [ 6]) has to consider the thermal properties of the concrete as well as 
of the form-work used. A complete analyses of the temperature flow in a general 
three dimensional non-stationary case of a newly cast structure, e.g. a bridge col-
umn, will soon becomes rather complicated. It is therefore necessary to simplify 
important parameters related to the geometry of the studied structure as well as 
the variation in time of the surrounding temperature etc. 

2. MEASUREMENTS AND METHODS 

Designers and contractors can choose between many different types and dimen-
sions of cooling pipes for their cooling systems. In the experiments presented in 
this paper two different types of pipe were used: 

1. A thin metal pipe normally used for ventilation system in buildings. 
This ventilation pipe (type Spiro) was used in the columns of the  Igel-
sta  bridge in  Södertälje,  Sweden. 

2. Sheet metal ducts normally used for post-tensioned cables here called 
strand tube. There is a vast range of tube dimensions available for post-
tensioning purposes on the market. In the laboratory tests the most fre-
quently used dimensions in Sweden, were chosen. An advantage of 
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2.0 

strand tubes over the Spiro type is that they can resist higher hydraulic 
pressure during the pouring operation. This is due to the shape of the 
strand tube, see Fig. 1. 

The laboratory tests were performed in order to determine the heat transfer coeffi-
cient of the two types of cooling pipes mentioned above. At the time of the tests 
the moisture conditions in terms of relative humidity,  RH,  in the laboratory was 
60 ±4%. Knowledge about the moisture condition of a cooling medium with rela-
tively low heat capacity, such as air, is essential as the moisture content in air 
strongly affects the capacity to store and transport the energy. The specific heat 
capacity of dry ambient air  (cp)  is 1.00 kJ/kg  K,  which is small compared to water 
with a specific heat capacity of 4.18 kJ/kg  K.  Thus, the ambient air can be as-
sumed to have higher or lower heat transfer capacity depending on the moisture 
content. The variation of heat transfer coefficients at different humidity levels 
have not been studied here. 

2.1 Experimental equipment 

When determining the heat transfer coefficient for cooling pipes, careful meas-
urements of the velocity and temperature profiles have to be made. The two types 
of pipes that have been studied are greatly different in geometry and shape of in-
ner surfaces. The ventilation pipe has a smooth inside while the strand tube has a 
more distinct surface profile, see Fig. 1. 

Fig. 1: Picture of studied strand tube and its dimensions (measures in mm). 
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Just by considering this difference in geometry it is possible to have a guess that 
the pipe with the larger perimeter in contact with its surroundings would have the 
higher heat transfer capacity, but a rough surface profile will give higher friction 
and therefore a more irregular velocity and temperature profile. 

Measurements of the velocity and temperature profile were performed with a 
hand held micro-manometer. With this instrument the measurements can be per-
formed in the range of 0 - 64.5  m/s  for velocity and 0 - ± 2000 Pa for the pres-
sure. The accuracy of the measurements (linearity and hysteresis) is 0.4% of the 
full signal area. 

2.2 Experimental set-up 

Controlled conditions are necessary. The case with constant surrounding tem-
perature can be described analytically and therefore makes it possible to deter-
mine the heat transfer coefficient from measured temperature differences between 
in- and outlet of the control volumes according to Eq. (1), see Fig. 2. Hence, the 
pipe was placed in a large basin that was filled with hot water. The water basin 
provided possibility to create sufficiently large temperature differences along the 
pipe. The large volume of the basin was suitable to maintain a stable and constant 
temperature of the surroundings during the tests. 

The cooling pipe was placed and cramped to the bottom of the basin with the vol-
ume of 16.5  mi.  The test set-up is shown in Fig. 3. The strand tube had a mean 
diameter of 90 mm and the Spiro pipe a mean diameter of 125 mm. As mentioned 
previously, the tests were performed under stationary conditions with regard to 
the surrounding temperature conditions. In the tests the temperature profile in the 
water was measured for each temperature level. 

The temperature-gauges were placed along the pipe at a distance approximately 
1.0 m, see Fig. 2. When positioning the temperature-gauges and the mounting 
wire inside the cooling pipe it is very important to use as slender gauges as possi-
ble. In this way unwanted friction losses are avoided. This can be checked by si-
multaneous measurements of the static pressure along parts of the pipe were there 
is no interference from mounted equipments. If the static pressure loss differs too 
much between the two studied sections, the result is not characteristic for the pipe 
and should therefore be rejected or the test be repeated after the temperature re-
cording devices have been adjusted. 

While the basin was filled with hot water the pump circulated the water to mix it 
properly. When the water level was high enough above the cooling pipe the water 
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supply was turned off while the pump was left on to circulate for another 20 min-
utes or so. Temperatures were recorded by the  PC-logger  at points shown in Fig. 2 
as well as at the intake, the outlet and the basin itself. The temperatures were re-
corded at four to five different air velocities for both types of cooling pipes. The 
flow span was 3 - 7  m/s  for the strand tube and 2 - 12  m/s  for the ventilation pipe. 

Measurements of the air flow were made by a hand held micro manometer at the 
outlet of the cooling system. Before each test was started the temperature in the 
basin had been checked and the fan was adjusted to the desired flow. Thereafter 
the fan was left on for some minutes, so as to develop a steady flow before new 
measurements of the velocity and temperature were made. Recorded mean tem-
peratures and velocities are presented in Table 1. 

Outle  
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II+ 
a 
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Fig. 2: Sketch of position for temperature recording inside the cooling pipe. 

Fig. 3: Basin with mounted cooling pipe (strand tube). 
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The risk of having variations in the temperature and the flow in the cooling pipe 
due to density differences in the cooling-air must also be considered. Differences 
could occur if the surrounding temperature distribution of the water in these kinds 
of tests are not homogenous. Therefore, the temperature-gauges should be 
mounted cross wise in each section. In the performed tests the temperature re-
cording devices were mounted in only one direction - horizontally or vertically - 
in order to not introduce unnecessary disturbances on the flow. No in-
homogenities were measured in the temperature field in any of the studied cases. 

3. EXPERIMENTAL RESULTS AND EVALUATION 

After the temperature recordings for one temperature level and several different 
flows had been performed, the water temperature was lowered in the basin. The 
water was circulated by the pump for approximately one to two hours until a new 
temperature profile was measured in the basin. 

Table 1: Measured air temperatures and air velocities during three temperature 
levels in the water. 

Water temp.  (°C)  / Mean  vel., (m/s)  

Strand tube: 33.3 / 7.3 30.2 / 7.4 25.9 / 7.1 

34.0 / 5.1 29.2 / 4.8 26.0 / 5.0 

34.6 / 4.2 29.1 / 3.9 26.0 / 3.8 

35.7 / 3.5 29.0 / 3.8 26.4 / 3.4 

Ventilation pipe: 28.9 / 10.5 26.9 / 10.6 25.2 / 10.6 

29.0 / 9.3 26.6 / 9.2 25.1 /9.2 

29.8 / 6.0 27.4 / 6.0 25.3 / 6.1 

30.3 / 3.1 27.9 / 3.1 25.7 / 3.3 

30.9 / 2.2 28.4 / 2.3 25.9 / 2.4 
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3.1 Evaluation of experiments 

The tests on the cooling pipes were performed at three levels of water temperature 
for each type of cooling pipe and for four and five different flows respectively. 
Afterwards, the basin was emptied and measurements of the static pressure along 
the cooling pipe proceeded. The pressure was measured in the same sections as 
the velocity, see Fig. 2 and 3. None of the tests showed any variation of the static 
pressure drop over a cross-section and the scatter along the cooling pipe shows 
only small variations, see Table 2. 

Table 2: Measured static pressure (Pa) in tested pipes at different mean ve-
locities. 

Section 

Strand tube 

Distance, (m) 

Mean velocities.,  (m/s):  

3.5 	4.0 	5.1 	7.3 

1 0,56 -44 	-63 	-91 	-189 
2 1,56 -40 	-56 	-82 	-171 

3 2,57 -35 	-50 	-73 	-153 
4 3,54 -32 	-46 	-65 	-138 

5 4,66 -28 	-39 	-56 	-118 

Ventilation pipe Mean velocities.,  (m/s):  

Section Distance, (m) 10.5 	9.3 	6.0 	3.1 	2.2 

1 0,65 -9 	-18 	-46 	-116 -140 
2 1,65 -9 	-17 	-43 	-107 -129 

3 2,65 -8 	-15 	-38 	-96 	-118 
4 3,65 -7 	-13 	-32 	-81 	-99 

5 4,65 -6 	-12 	-28 	-71 	-88 

Since ambient temperature,  Ta,  round the pipes is kept constant and since the 
pipe-wall temperature, Tw, can be approximated with  Ta  the following expression 
may be used according to classic theory on internal flow (see e.g. [ 18]) where Ty  

Ta;  
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T, 	rh • cp  

=  —In  
j w Tmjj S2 • L 

	 (1)  

The rate of mass flow,  rh,  in Eq. (1) is calculated as 

rh  = p • um  • A 	 (2) 

The bulk temperatures in Eq. (1) are calculated as 

2  R 

	

	 \ 
u(r,x)•T(r,x ) • r •  ar  

umR 2  0  

Using Eqs. (1) - (3), applied on the measured values of temperature and velocity 
profiles, it is possible to derive the heat transfer coefficient,  ri  . For the calcula-
tion of IT, the measured temperatures and velocities were fitted to equations cho-
sen as 

u(r)=v•R2 • / — 

	

	 (4) 
R 

r  9 

T(r)= 0 	+02 	 (5)  
R  

The measurements of temperatures and velocities were carried out at different 
flows through the pipe and with different basin water temperatures, see Table 2. 
Evaluated result of temperature and velocity profiles are presented for one meas-
urement in Fig. 4. For each studied case of ambient temperature and mean veloc-
ity, the average heat transfer coefficient, -IT, was calculated according to Eq. (1) 
for the two types of pipes tested. The value of varies with the mean velocity, 
Um, according to Fig. 5. No significant variation with ambient temperature was 
found. 

(3) 
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Fig. 5: Average heat transfer coefficients, 17  i  , as a function of mean velocity 
U m . Evaluation from measurements of two types of cooling pipes. 

Another more common way to present heat transfer properties of pipes is by the 
use of dimensionless numbers. It can be shown that, in the case of smooth circular 
tubes, the Nusselt's number, Nu, must be a function of the type (see e.g. [16]) 

12 

4 



Nu = f (Re,Pr) 	 (6) 

The function in Eq. (6) is determined experimentally and is usually expressed in 
the form 

Nu = a • Reb  • Pr' (7) 

For a comparison, in the case of forced convection in smooth circular tubes and 
< Tm, the following set of parameters are commonly used; a = 0.0023,  b  = 0.80 

and  c  = 0.30. 

In the present study parameters were obtained for the two types of pipes by fitting 
the formula (7) to the experimental results, see Table 3 and Fig. 6. The results in 
Fig. 6. are presented in dimensionless Nusselt's number as a function of Rey-
nold's number for tested pipes. 

Table 3: Parameters according to equation (7). 

a  b c  

Ventilation pipe 0.1755 0.5439 0.33 

Strand tube 0.0070 0.9070 0.33 

Theoretically, the use of non-dimensional numbers implies that the curves are in-
dependent of the pipe diameter. However, it must be noted that only one dimen-
sion of each pipe has been tested so that the independence of diameter has not 
been completely verified. 

Clearly, the strand pipe offers greater heat transfer than the ventilation pipe for a 
given Re, or mean velocity, um. The higher efficiency of these pipes is probably 
due to their irregular shape, see Fig 1, which entails higher turbulence and also 
presents a higher efficient surface area to the ambient medium. However, the 
shape of the pipe generates a higher friction losses which in  tum  means that for a 
given fan capacity the mass flow will be lower in the strand pipe than in the ven-
tilation pipe. The obtained mass flow, or mean velocity, um, for a given configu-
ration of pipes and fan capacity can be calculated by standard techniques when 
the mean friction effect is known for the pipe used. 
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4. DISCUSSION AND CONCLUSIONS 

The experiments were easy to perform with sufficient accuracy with respect to the 
recorded temperatures. They can be carried out without using sophisticated 
equipment and are therefore relatively cheap. The only requirements to observe 
are to make efforts to achieve stable and stationary conditions during the tests. 

These experiences encourages performance of more tests using different diame-
ters and new types of tubes other than those studied here. Comparative calcula-
tions based on here evaluated and presented experimental results are in good 
agreement with in situ measurements of temperatures, see [ 1]. Since all other 
factors were well known in the comparison, the only outstanding parameter influ-
encing the results was the heat transfer coefficient. This indirect justification 
means that the heat transfer coefficients were correct evaluated in this paper, and 
they can probably with high accuracy be used in prediction of in situ castings. 

In conclusion, the paper describes an easy to use test method designed to establish 
the relationship between the heat transfer coefficient and the flow in cooling 
pipes. 
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Notation  

Ta 	 ambient temperature,  (°C)  
T. 	 pipe-wall temperature,  (°C)  

in- and outlet bulk temperature of the fluid,  (°C)  
S2 	 perimeter of the cooling pipe, (m) 

distance between in- and outlet, (m) 
th 	 rate of mass flow through the pipe, (kg/s)  
c 	 specific heat, (J/kg  °C) P  

-17  1 	 average convection heat transfer coefficient, (W/m2  °C) 
x 	 co-ordinate along the length axis of the pipe, (m) 

radial co-ordinate, (m)  
R,  A 	 radius of the pipe, (m) and pipe area, (m2) 
u(r,x),T(r,x) 	velocity profile,  (m/s),  and temperature profile,  (°C)  
Um 	 the mean velocity,  (m/s)  

01 ,  02 ,  49 	 fitting parameters obtained from the measured values of 
temperature in the pipe, (-) 

tif 4 	 fitting parameters obtained from the measured values of 
velocity in the pipe, (-) 

Re, Pr 	 Reynold's number and Prandtl's number, (-) 
a,b and  c 	fitting parameters, (-)  

P 	 density of the fluid, (kg/m3) 
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ABSTRACT 

This paper relates to the second part of the investigation of air-cooling in 
concrete, see also [1]. Embedded cooling pipes are used in order to reduce the 
risk of thermal cracking in early age concrete. Traditionally, water has been used 
as cooling medium, but air cooling has been shown to be advantageous for many 
applications. The experimentally determined heat transfer coefficients of cooling 
pipes, [1], have been used and verified in comparisons of in situ measurements at 
the Igelsta Bridge in  Södertälje,  Sweden. The close agreement between measured 
and calculated temperatures of air-cooled sections seems to justify the use of the 
averaged heat transfer coefficients determined in [1]. 

Some exemplifying calculations are also shown, and the general behaviour of 
cooled structures is discussed. The principles of designing a cooling system for a 
general case are proposed. It is concluded that it is possible to design a prismatic 
structures, such as a columns, by the use of existing models and measured heat 
transfer coefficients. 

1. INTRODUCTION 

Cracking of concrete is one of the main issues of structural design next to 
ensuring the load-bearing capacity. Thermal cracking is a recurring concern in the 
production of concrete structures in particular when large, massive structures are 
considered. Thermal stresses arise from the differential temperature distribution 
either within a structure or between newly cast sections and adjoining older parts. 
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There are many different methods of reducing, or even fully preventing 
forestalling thermal cracking. A method often used for reducing temperature 
gradients within a structure and thus also the risk of surface cracking, is to cool 
the inner core with embedded cooling pipes. Normally, water is used as the 
cooling medium but this may in many cases be disadvantageous due to high 
costs, cumbersome production methods etc. 

In this paper the use of air as cooling medium is described. In addition, a working 
model for the design of an air cooling system is proposed. The determination of 
required properties of the new types of cooling pipes used for air-cooling was 
presented in a previous part, [1]. 

The potential effects of a cooling system on temperature and temperature related 
stresses in a structure have to be examined in each specific case. The assessment 
of the risk of thermal cracking requires modelling of the thermal and mechanical 
behaviour of concrete in early ages. The calculation of the temperature 
development of the structure must take both thermal properties of concrete as well 
as border conditions at the cooling pipes, e.g. heat transfer coefficients, in to 
account, [2]. By applying the resulting temperatures on the temperature-related 
mechanical behaviour such as relaxation, maturity etc. the thermal stresses are 
computed, [3], [4]. Finally, the stresses are compared with tensile strength in 
order to assess whether the temperatures will cause cracking or not. 

In the case of embedded cooling pipes with varying border temperatures along the 
pipe, the thermal modelling will soon become rather complicated if a complete 
description of the general three dimensional non-stationary case was to be 
determined. Some simplification regarding important parameters based on the 
geometry of the studied structure must therefore be made. 

In the case of prismatic structures, such as columns, an engineering approach 
would be to limit the cracking analysis to two-dimensional temperature and stress 
calculations of a cross-section representing the plane with the maximum 
temperature differences and hence the highest risk of thermal surface cracking [ 
5]. For a poured section of a column bordering the last placed section at the 
bottom and ambient air at the top, this plane of the maximum temperature 
differences could be assumed to be the mid cross-section. In this cross-section 
heat transfer coefficient of pipes can be assumed to be represented by the average 
coefficient, , as described in [1]. This assumption requires in principle that the 
mid section is located outside the aerodynamic and thermal entrance regions, [1], 
[6], i.e. that the newly cast section is long enough. 
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Temperature calculations may be carried out when all necessary parameters are 
known, i.e. border conditions and material parameters of the concrete used. 
However, the temperature of the cooling medium in the pipe at the mid section 
must also be known. In the case of water as cooling medium this is usually no 
problem since the difference between in- and outlet temperature is limited and the 
flow through the pipes can be adjusted until a satisfactory difference of only a few  
°C  of temperature is achieved. Thus, calculations can be performed using e.g. the 
mean value of in- and outlet temperatures with satisfactory results [9]. 

In the case of air as the cooling medium, however, the difference between in- and 
outlet temperatures amount to more than a few degrees. Since in practice the flow 
is always maintained at the maximum capacity of the fans, there is no convenient 
way to adjust this temperature difference on site. Also, due to the non-linear rise 
of the air temperature along the pipes, the average of in- and outlet temperatures 
are likely to be an overestimation of the actual temperature in the critical mid 
section. In lack of recorded temperatures it is therefore recommended to use some 
precaution in the choice of the air temperature at the mid section. Generally, the 
chosen temperature should be higher than the average. 

2. 	CASE-STUDY OF THE IGELSTA BRIDGE 

In order to check the validity of the assumptions made regarding the use of an 
averaged heat transfer coefficient of the pipes a comparison with the 
measurements from a case study has been performed. By this procedure, the 
results of the laboratory tests on cooling-pipes have been confirmed, [1], [ 7], [ 8] 
and Fig. 1. Tests were performed on two types of pipes, one of which was used at 
the Igelsta Bridge, namely the ventilation pipe of type Spiro. The strand tube, 
which is normally used for threading of post-tensioned strands, was also tested 
since it was considered to be an interesting option. The strand tube diameter was 
95 mm and the ventilation pipe 125 mm. 

Measurements in situ were carried out when casting columns at the Igelsta Bridge 
[9] - [13]. The columns had a cross section of about three times four meters and 
each lift had a height of five meters, i.e. a volume of 55 m3  of concrete for each 
casting cycle. The hydration heat properties were determined on site on concrete 
from the same batch as was being used in the column [9]. 
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Fig. 1: Average heat transfer coefficients for tested cooling pipes, from [1]. 

The temperatures of ambient air, in the cooling pipes and in the newly cast 
concrete, were recorded in four different cross sections using a total of 72 
different gauges. The mean air velocity in each pipe was also measured and the 
heat transfer coefficient could therefore be obtained, see Fig. 1. The pipes used 
were the regular ventilation pipes (Spiro type) placed as shown in Fig. 2. This 
particular section had extra reinforcement which obstructed the mounting of two 
of the pipes - hence the non-symmetric placement. 

In the calculations, the recorded temperatures of the ambient air and the air 
flowing in the pipes at mid section were used as input. The material properties of 
the concrete were obtained from in situ calorimetric measurements. The heat 
transfer coefficients of the form have been calculated using standard formulas, 
see e.g. [2], and the heat transfer coefficients of the pipes have been as mentioned 
taken from Fig. 1. The calculated and recorded temperatures have been compared 
for a point between pipe Nos. 1 and 2 where temperature gauges had been placed, 
see Fig. 2. 

A two-dimensional finite element  (FEM)  program has been used for the 
temperature simulations of the structure. The thermal stresses have been 
calculated by finite difference analysis considering, among other important 
influencing factors, non-linear behaviour of the young concrete. 
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The temperature calculations as well as the thermal stress analysis are based on 
material and mechanical properties of the early age concrete. For further 
description of the programs used see [2], [3], [4]. 

The comparison between recorded and calculated temperatures shows good 
agreement, see Fig. 3 and Fig. 4. This close agreement seems to justify the 
assumptions made regarding the use of the averaged heat transfer coefficients 
obtained from the laboratory measurements. 
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Fig. 4: Calculated and recorded in situ temperatures of column, Igelsta 
Bridge. The gauges were mounted as shown in Fig. 2. 

3. 	EXAMPLES OF OTHER APPLICATIONS 

Experiences from e.g. the Igelsta Bridge have shown that the method of using air 
as cooling medium has been effective and worked well in practice. The 
comparisons between measured and calculated temperatures shows that it is 
possible to predict the beneficial effects of cooling the structures. Calculated 
results for a simplified and general case are presented here in order to give some 
examples of the capacity of this method to reduce or forestall thermal stresses. 

A one-dimensional case of surface cracking is chosen as an example since it can 
be applied for many different structures when this type of surface cracking is 
studied. Since there is no external restraint, these calculations will not apply to 
cases involving risk of through cracks. A few cases that can be said to fulfil the 
conditions of using a one-dimensional strip in calculations are shown in Fig. 5. 
Some of those structures shown in the figure also inhibits a risk of cracking due 
to external restraint by older adjoining structures. Calculations concerning 
through cracks are not included here. Three different cases are compared, one 
without any cooling measures as reference, and two using each of the two types of 
cooling pipes studied. 
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Fig. 5: Examples of cases for which one-dimensional temperature flow can 
be assumed which uses a one-dimensional strip in analysis. 

The studied example represents a two meter thick wall or part of a similar 
structure in which two rows of cooling pipes have been placed over the cross-
section, see Fig. 6. The distance between each pair of cooling pipes is 0.5 m. The 
same type of concrete has been used in all calculations. The ambient and casting 
temperatures are 20  °C.  In this example the temperature of the cooling medium 
has been set at 25  °C.  The rise in temperature between inlet of cooling-pipe and 
location of calculated cross-section depends on the type of structure, rate of air 
flow, temperature conditions, type of pipe etc. and has to be determined 
separately in a real design situation. 

A flow representing a mean velocity of 5  m/s  has been assumed for the cooled 
cases using each of the two types of pipes. Since the diameter varies between the 
pipes this means that a different fan capacity and / or a different type of auxiliary 
equipment etc. are necessary if the same flow in each pipe is required. The heat 
transfer coefficients, /7 , were determined to 10 W/m2  °C  for the ventilation pipe 
and 20 W/m2  °C  for the strand tube at the assumed flow, see [1]. 
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Fig. 6: Structure of studied example. Only the shaded area enters into the 

analysis due to symmetry. 

After four days the fans are presumed to be disconnected and thereafter natural 
convection is taken to give rise to a flow rate of 2  m/s  through the pipes. This 
secondary flow corresponds to a heat transfer coefficient of 5 W/m2  °C  for both 
types of pipes. The form is assumed to have a heat transfer coefficient of 4.3 
W/m2  °C  and after form stripping - taking place three days after casting - the 
coefficient becomes 9.6 W/m2  °C  at an assumed air velocity of 1  m/s.  The 
material properties of the concrete used are listed in Table 1. 

The results show how the temperature development is affected by the use of 
cooling pipes compared with the non-cooled case, see Fig. 7. In spite of the 
relatively large dimensions of this structure, the temperature differences between 
core and surface are drastically reduced in comparison with the non-cooled case. 
The results also show, that in this example there is no big difference between the 
resulting temperatures for the two different types of pipe used. This is because 
heat transfer coefficient and pipe diameter counteracting the cooling effect of 
one-another. However, the heat transfer coefficient of the strand tube grows faster 
with increasing flow than for the ventilation pipe. Hence, one cannot say that the 
cooling efficiency will not always be the same for the two types of pipes. Note, 
also the drastic effect of the form stripping on the surface temperature, see Fig. 8. 
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Table 1: Material properties of the concrete used in calculations for the case 
shown in Fig. 6. Equations describing thermal and mechanical 
properties are presented in[2] and [3]. 

Recipe: 
Grade 
Binder content,  C  (kg/m3) 
Water cement ratio, (-) 

Cement type 

Max. aggregate size, dif,a„ (mm) 

K45 
430 
0.42 

Type II (ASTM) 
Swedish Std  P  

Degerhamn 
32 

Thermal properties, [2]: 
Ultimate heat,  Wc  (kJ/kg)  Wc  = 305 

Degree of hydration, a: Ä,1 = 0.25 

lci = 0.878 
ti  = 74.6  h  

Maturity rate, ßr: eref  = 5400  K  
K3  = 0.48 

Heat conductivity,  X  (W/m  °C) X  = 1.9 
Specific heat capacity,  cp  (J/kg  °C)  cp  = 900 

Density,  p  (kg/m3)  p  = 2350 

Mechanical properties, [3]: 
28 days strength, f28  (MPa) 128 = 53 
Strength development, see [14]: al  = 9.32.104  

a2  = 0.354 
b1 =2.0 
b2  = 0.16 

Young's modulus, E28  (GPa) E28  =38 

Thermal dilatation, [3]: 
Expansion, at, (11°C)  ah  = 9.410-6  
Contraction, cf, (11°C) etc = 8.6.10-6  
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Fig. 7: Computed temperature distribution for non-cooled and cooled 
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The thermal stress calculations confirm the anticipated positive effects of using 
cooling pipes. In order to evaluate the results of the calculations the normalised 
stress is used, which is defined as the ratio between stress and the tensile strength 
at any given time-step and location. The tensile strength is adjusted as compared 
to the tensile strength obtained at normal short-time testing in order to incorporate 
effects of tertiary creep. Usually, in a design situation, a stress-level up to 0.70 is 
considered to be acceptable on account of uncertainties in calculations and 
modelling etc., in material properties and in production conditions on site. The 
stress level for the non-cooled case reaches unacceptable stress level even before 
form stripping and rises even further due to the temperature chock after form 
removal, see Fig. 9. In the two cooled cases however, the stresses do not reach 
exceptional levels - neither before nor after form stripping. The disconnection of 
the fans after four days is discernible on the stress level - time curve for the 
cooled cases but does not cause any considerable risk of cracking. 
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Fig. 9: Calculated stress levels for surface layers. 
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4. DISCUSSION 

The results of the studied example illustrates some important features of using air 
as cooling medium for reducing the risk of surface cracking: 

• Even a small amount of cooling pipes may result in significant effects on 
temperatures as compared to a reference non-cooled situation. 

• Removal of forms causes a drastic effect on both temperatures and stresses - a 
fact that - should always be considered. 

• The reduced cooling effect of the cooling system, when the fans are 
disconnected is somewhat mitigated by natural convection and does not bring 
about significant rise of stress levels, if the fans are kept working for a 
sufficient amount of time after casting, in this case four days. 

In the presented example it may probably have been sufficient to install fewer of 
pipes or apply a lower flow rate in order to reach appropriate results. However, 
the production costs are not very sensitive to the number of pipes or to the air 
flow rate being used. A low flow rate gives unwanted secondary effects such as a 
increased rise of the air temperature along the pipes etc. 

Few different pipe types have been investigated for their heat transfer coefficients 
and the outcome of varying the pipe diameter for a given type has not been 
studied specifically. This, and the fact that the number of applications where this 
technique has been used and reported are limited, makes it recommendable to use 
a conservative approach when designing the necessary amount of pipes and the 
capacity of fans and other equipment. 

An excessive use of cooling pipes may lead to secondary cracking in the inner 
regions surrounding the pipes which may not be of significance. However, since 
the structures for which the use of cooling pipes might be considered for are not 
necessarily massive and of large dimensions, and since the number of pipes 
which are needed in case of air as cooling medium is low, this negative effect is 
probably negligible. 

The method of reducing temperatures in massive concrete structures by means of 
embedded pipes has been used for some time, [15], [ 8]. Traditionally, water has 
been used as the cooling medium [16], [17], [ 7]. Using of water may sometimes 
bring about difficulties and increase the costs during production stage which 
sometimes limits its application. A disadvantage can be the limited height that 
common pumps can transport the water up to the required level. This is mainly a 
problem in the case of high structures as columns. 
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When air is used as the cooling medium there are virtually no limitations as to 
construction height. Air cooling is especially advantageous in slip-form 
construction or when using climbing shuttering. The difference between in- and 
outlet temperature of the water is usually regulated and maximised to a certain 
level. In order to avoid superseding this level, this method demands manual 
regulation during the cooling process. This is not a problem when air is used 
since the fans are working with full capacity all the time. Obviously, during 
winter time when the ambient temperature drops below 0°C, air is preferred to 
water. An advantage with air is that the air is easier to handle and is always 
available - even in dry and remote areas where neither water distribution or 
infrastructure water reservoirs exist. 

The air pipes may be mounted continuously in a prismatic structure as opposed to 
the water pipes which are usually mounted in closed loops, one for each poured 
section. This means that water pipes have to be rearranged for every cast section 
while air pipes only have to be elongated throughout the construction. Also, the 
material costs for water cooling systems are higher than for air systems. One 
special feature of the air pipes when they are placed vertically is the beneficial 
effect of natural convection. This phenomenon occurs in a air cooling system 
even if the fans are turned off. For a cooling system where water is used a 
significant temperature rise in the cooling water will occur if the pumps are 
accidentally stopped. 

5. CONCLUSIONS 

1. When constructing tall or prismatic structures such as columns there are many 
advantages in using air as cooling medium instead of water. 

2. If correct heat transfer parameters for the pipes are applied it is possible to 
design the target capacity of the cooling system needed to comply with 
specified temperatures or stresses in the structure. 
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ABSTRACT 

The purpose of this project is to modify already existing tools and to develop new 
ones for crack risk estimation adopted to high performance concrete in early ages. 

In order to be able to modify known technique, it is necessary to recognise the 
features that characterise high performance concrete in comparison to ordinary 
concrete. 

In this thesis, laboratory tests and non-linear modelling of stresses of the mechani-
cal behaviour for high performance concrete and normal strength concrete devel-
opment in early ages have been performed and discussed. From this study, the 
following conclusions may be drawn: 

If the measurements of shrinkage not are isothermally performed, correction of the 
measured strain due to temperature rise in the specimen have to be regarded. 

Sealed shrinkage can be described with decrease of relative humidity by piece-
wise linear curves in the humidity level from saturation down to about 70%  RH  
(Method 1). Shrinkage under sealed conditions can also be described as a time de-
pendent deformation (Method 2). Using method 2 based on short term measure-
ments gives high level of accuracy for long term prediction of sealed shrinkage. 

Very early tensile stresses have been measured in high performance concrete be-
fore temperature rise have started. This implies that measurements of shrinkage in 
high performance concrete should preferable start as early as four hours after 
casting. 

Evaluated thermal expansion coefficients show values in the level of 10 - 12 
1..tm/m°C and the evaluated thermal contraction coefficient indicates a level of 7 - 
9 µm/m°C. 

The stress development have been theoretically modelled with stress-induced de-
formations and non-linear behaviour. For high performance concrete shrinkage 
will tend to reduce the thermal deformation during temperature rise and lower 
compression stresses will develop. During the subsequent cooling phase higher 
tensile stresses will develop in early age, as both temperature and moisture volume 
changes will contract the structure. 
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NOTATIONS AND SYMBOLS 

Used symbols in this thesis 

Greek letters 

Symbol 	Description 	 Unit 

	

a 	= 	degree of hydration, degree of reaction 

	

a,▪ 	= combined dilatation coefficients for expansion phase 	°C  -1  
(temperature and moisture) 

combined dilatation coefficients for contraction phase  °C  -1  
(temperature and moisture) 

true thermal expansion coefficient 	 °C  -1  

true thermal contraction coefficient 

relative stress level ( = a /f,t) at which non-linear 
stress-strain behaviour starts 

)61 	= exponent in Eq. (6:14) 

Stp 	= hardening rate factor depending on the humidity 

it 	= adjustment hydration mat factor  

ST 	= the hardening rate factor depending on the tempera-
ture 

aw Vac, 	= inclination of the sorption curve 

A 	= denotes an increment during a time step 

AEI,' 	= unrestrained and stress-free thermal strain due to 
thermal changes 

= unrestrained and stress-free moisture strain due to 
humidity changes 

AEI- 	= additional shrinkage strain starting from very early 
age 

Acr 	= stress increment during a time step 	 Pa 
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AE  free  
e  

= 

a, = 

ac = 

act = 
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Ateq 
= 

e  = 

E0 = 

= 

Em  = 

erel = 

total strain 	 - 

fa /Ec = strain linearly related to the tensile strength 

material strain (= strain related to the stress level)  

average material strain during a time step 

relaxation strain 

41, 	
= non-elastic strain, including the stress-induced part, 

due to a change in humidity 

4' 	= non-elastic strain, including the stress-induced part, 
due to a change in temperature 

= measured total strain  e  tor 

&fig) 	= shrinkage due to change in relative humidity  

Ei 	= shrinkage without formal change of relative humidity 

Eref 	= reference ultimate shrinkage 

eSH 	= humidity strain 

thermal strain 

incremental adjustment due to non-linear stress-strain 
behaviour 

ET 

rd 

= 

= 

list/ = 

(P  = 

(Pref = 

eat = 

empirical constant ruling the curvature of the shrink-
age development  

relative humidity 

reference value of humidity 

humidity at saturation 

IQ 	= fitting parameter 

1(3 	= empirical parameter for calculation of activation tem-
perature 

Ai 	= fitting parameter 

equivalent time of maturity at t = 0 	 h 

- 

_ 

- 



	

/-77- 	= average hygrothermal coefficient during a time step 

	

0 	— "activation temperature" 	 K  

	

Oref 	= empirical parameter for calculation of activation tern- 	K  
perature 

	

61  SH 	= empirical parameter representing the time when inch- 	h  
nation of shrinkage changes in time 

	

PT 	= adjustment factor for stress-induced thermal strain 

	

P9 	= adjustment factor for stress-induced moisture strain 

	

a- 	= stress 	 Pa 

Latin letters  

	

B 	= binder content 	 kg/m3  

	

C 	= cement content 	 kg/m3  

C„„ 	= equivalent cement content 	 kg/m3  

	

dmax 	= maximal size of coarse gravel 	 m 

	

Ec 	= fictitious elastic modulus for the time step including 	Pa 
basic creep effects 

	

fi,f2 	= frequencies measured at half value of the maximum 	Hz 
squared mobility at resonance 

tensile strength 	 Pa 

28-days compression strength ,tested on 100mm 	Pa 
cubes 

compressive strength 	 Pa  

reference tensile strength 	 Pa  

reference compressive strength, Pa 

fly ash content 	 kg/m3  

ultimate value of generated heat 	 J/kg 

f ct = 

L2c8 = 

fcc = 

frei  = 

frei  = 

FA = 

Qcu = 
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RH  = 

SF = 

SF/B = 

T = 

tco  

ti 

= 

= 

teg  = 

Tre  f = 

411 = 

W., 

wo  

= 

= 

wo//3 = 

wo/C = 

Wcap = 

We  = 

Wn = 

Wn
id/ = 

Wgel = 

Wsat = 

relative humidity 	 % 

silica fume content 	 kg/m3  

silica fume ratio 

temperature 	 °C  or  K  

time after casting for first measurement 	 h  

fitting parameter 	 h  

equivalent time of maturity 	 h 

reference temperature (here 20°C is used, which 	°C  
means that T„f = 20°C equals Tref = 273 + 20 = 293K) 

time from where shrinkage is proportional to  RH 	h  
changes 

practical ultimate value of generated heat 	 J/kg  

initial (mixing) water content 	 kg/m3  

water binder ratio 

water cement ratio 

evaporable water content in the capillary pores at 	kg/m3  
saturation 

evaporable water 	 kg/m3  

non-evaporable water 	 kg/m3  

ultimate chemical bound water 	 kg/m3  

evaporable water content in the gel and in the con- 	kg/m3  
traction pores at saturation 

the total evaporable water content at saturation 	kg/m3  

Z 	= moisture resistance 	 s/m 

OPC = Ordinary Portland Cement 

HPC = High Performance Concrete 

NPC = Normal Strength Concrete, Normal Performance Concrete 

LVDT = Linear Variable Differential Transducer 
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Introduction 

1. INTRODUCTION 

If a structural member of hardening concrete is free to expand during the early age 
heating phase of the hydration process and later contracts without being restrained 
during the subsequent cooling phase evidently no stresses will be induced. How-
ever, this is rarely the case in practice as the concrete in a structure is nearly al-
ways restrained to some degree, either externally by adjoining structures or inter-
nally by temperature and moisture fields in the components of the structure itself. 

For normal strength concrete - water binder ratios (wo/B) — 0.40 and above - 
mainly temperature volume changes will induce stresses in the concrete due to 
these imposed restraint conditions. For high performance concrete - w0/13 below 
0.40 - both temperature and moisture changes may have an influence on the 
stresses induced in the concrete. The issue of primary interest is whether the in-
duced stresses will lead to cracking or not. 

When considering cracking in young concrete it is important to distinguish be-
tween the different mechanisms causing cracking. In this way the cracks can be 
subdivided according to the time of appearance and by type of restraint as: 

• surface cracks (or early age transient cracks) occur in the heating stage 
due to internal restraint conditions caused by gradients of thermal and 
moisture flow. 

• through cracks to a full depth of the entire cross section occurring 
mostly in the cooling stage and usually due to imposed restraint by ad-
joining structural members. 

The phenomenon causing surface cracking is the non-uniform distribution of the 
volume change over a cross section. For normal strength concrete this is mainly 
caused by volume changes due to temperature variation. For high performance 
concrete moisture changes have to be included in the analyses of volume changes. 

In the case of through cracking it is normally the average volume change over the 
cross section caused by both temperature and moisture changes that is of main in-
terest. The strain to be considered is the contraction taking place after the zero-
stress state (contraction). 

Volume changes in hardening concrete are traditionally expressed in terms of 
temperature expansion and contraction coefficients. The accuracy by which these 
coefficients are introduced into the calculations is of vital importance when ther- 
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mal  stress analysis is performed. A question of interest is whether the thermal ex-
pansion varies during temperature rise and if it adopts a different value in the sub-
sequent cooling stage. For instance, Lövqvist (1946) observed values of the ther-
mal expansion coefficient in the level of 12 pm/m in the early age heating phase, 
while for the cooling phase lower values in the level of 6 - 8 gin/m were found. 
When the concrete was exposed to subsequent repeated heating and cooling cy-
cles, almost constant values were obtained. For high performance concrete the 
thermal coefficients evaluated by measurement in tests are strongly affected by 
shrinkage. 

When analysing early age stress development in concrete, it is most important to 
consider the following properties: 

• temperature development in the element being cast, 

• the temperature of adjoining structures, 

• the mechanical behaviour of the young concrete and 

• the degree of restraint imposed on the structural element. 

The following mechanical properties of young concrete are of great importance in 
the stress analysis: 

• strength development, 

• thermal expansion and contraction, 

• shrinkage, elasticity and creep, 

• non-linear behaviour and fracture mechanics behaviour at high tensile 
stress levels. 

1.1 	What is to be solved 

The purpose of this project is to modify already existing tools and to develop new 
ones for crack risk estimation adopted to high performance concrete in early ages. 

In order to be able to modify known technique, it is necessary to recognise the 
features that characterise high performance concrete in comparison to ordinary 
concrete. 

Two such features are shrinkage and self-desiccation in hardening concrete at 
early ages. The homogenous volume change (shrinkage under sealed conditions) 
induces additional stresses - apart from those related to temperature - in a re- 
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Introduction 

strained structure. Hence, investigations of shrinkage phenomena are vital for the 
study of early age behaviour of high performance concrete. 

For an unrestrained structure temperature differences may cause local cracking. In 
such a case homogeneous shrinkage - over cross section - gives no stress contri-
bution, and it is therefore important to distinguish between the temperature and 
moisture components of the non-elastic deformation. Another reason to separate 
moisture and thermal movements is to give a rational base for analyses of struc-
tures in general with respect to shape and restrained conditions. 

To be able to calculate stresses in a satisfactory manner, it is necessary to have 
stress measurements and to check the tested results with computed values. Such 
tests are performed here for the well defined case of fully external restraint, in 
which the stress state is assumed to be uniform over the cross section, see Figure 
1.1. If this structural member is subjected to homogeneous shrinkage and a si-
multaneous temperature rise followed by a cooling phase, tensile stresses will de-
velop due to the combined effect of temperature and shrinkage. If the tensile stress 
level approaches the tensile strength a crack may occur. Also, lower compressive 
stress will be developed due to the combined effect of shrinkage and temperature. 

4. 

Inflexible supports 

Figure 1.1: Schematically picture of a fully restrained structural member. 

1.2 	Survey of contents 

In chapter 2 of this paper laboratory test set-ups used for determination of thermal 
and mechanical properties of hardening concrete at early ages are presented. Test 
set-ups for the following tests: strength and maturity growth, heat of reaction, 
thermal deformation tests, creep, drying and shrinkage and stress measurements of 
hardening concrete are here described briefly. 
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Chapter 3 treats the moisture state of hardening concrete and how the pore struc-
ture changes during the chemical reactions. Here is also discussed what may cause 
volume changes (shrinkage) due to humidity changes. 

Chapter 4 deals with the test set-up and realization of humidity and shrinkage 
measurements in an extensive way. It is also discussed some different types of 
sealing to be used for humidity and sealed shrinkage tests of young concrete. The 
performance of own measurements are presented and described. Comparison be-
tween obtained results of free shrinkage measurements at sealed conditions and 
result presented in the literature is shown. Also a short discussion when shrinkage 
measurements should start, is presented based on measurements of the stiffness of 
hardening concrete. 

In chapter 5 results and evaluation of relative humidity and shrinkage measure-
ments for different storage environments are presented and discussed. Here also a 
more extensive presentation of shrinkage and relative humidity measurements at 
sealed conditions are given. The results of shrinkage at sealed conditions are 
evaluated with a material phenomenological approach and an empirical way de-
scribing the shrinkage as a function of equivalent time. Results obtained in free 
thermal deformation tests of both high performance concrete and normal strength 
concrete are evaluated and separated into pure thermal movements and shrinkage. 
The result of evaluated thermal movements coefficients is discussed. 

Chapter 6 deals with the measured stresses for a well defined case of a fully re-
strained structural member. The obtained stress development is used for calibra-
tion of modelling with non-linear behaviour taken both volume changes due to 
temperature and moisture into account. Stress calculations, based on properties 
obtained in chapter 5, are performed for some high performance concrete mixtures 
and one normal strength concrete mix. Some sensibility analyses of calculated 
stresses based on material properties used for modelling the stress state are pre-
sented and illustrated. 

Finally, in chapter 7 the present work is summarised and discussed. 
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Thermal and Mechanical properties of young concrete - Laboratory tests 

2. 	THERMAL AND MECHANICAL PROPERTIES OF 
YOUNG CONCRETE - LABORATORY TESTS 

A common problem for normal strength concrete structures, casting massive as 
well as thin concrete members, is the influence of volume changes due to the tem-
perature development during hardening. For high performance concrete the vol-
ume change is not only ruled by the temperature variations. The fact that HPC 
contracts due to self-desiccation  (Persson,  1992) demands consideration of addi-
tional shrinkage due to self-desiccation. Early age cracks may occur, which lowers 
the resistance against an aggressive environment and cause corrosion of the rein-
forcement bars. Further, the permeability of the concrete can be increased and for 
structures with no reinforcement severe reduction of strength can arise in some 
directions. 

Estimation of the risk of early age cracking due to hydration demands knowledge 
about the behaviour of the hardening concrete. Important properties are the ther-
mal development, maturity development, mechanical properties and the degree of 
restraint. 

In the past, measures to prevent thermal cracking have mainly been limited to re-
striction of temperature differences within limitations of the temperature rise in 
relation to adjoining structures and surroundings. It is not until the last few dec-
ades that analyses of thermal cracking considering other influencing factors than 
temperature have been implemented. These analyses have shown that temperature 
related cracking criteria in many cases is insufficient and even erroneous. 

The temperature development is dependent on the heat of hydration, the dimen-
sions and geometry of the cast region and adjoining structures, type of form-work 
used at concreting and environmental conditions. Heat of hydration of a concrete 
mix is determined in adiabatic and semi-adiabatic tests in the laboratory. 

The following properties are of great importance in stress analyses: 

• strength development 

• maturity growth 

• thermal expansion and contraction 
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• viscoelastic behaviour 

• moisture flow and distribution 

• shrinkage due to self-desiccation 

• plasticity 

• non-linear and fracture mechanics behaviour. 

Test set-ups for the determination of the thermal expansion and contraction, 
shrinkage at sealed conditions and stresses for young hardening concrete are 
treated in this thesis. 

Test set-ups for determination of heat of hydration, strength development and 
maturity growth, creep at normal stress levels are only treated briefly in this sec-
tion. Plasticity and fracture mechanics behaviour for small laboratory test speci-
mens have not been studied here. 

2.1 	Laboratory test set-ups 

2.1.1 Strength development and maturity growth 
A number of models exist for the compressive strength development and its de-
pendence on the temperature, admixtures and types of cement etc. For instance, 
models presented in  Byfors  (1980), Wesche (1981), Carino (1982), Hampfler 
(1988),  Laube  (1990), CEB/HP Model Code (1990) and Van Breugel (1991) have 
been reported, see Emborg (1994). 

The values and parameters describing strength development and maturity growth 
used in this thesis have been treated according to  Jonasson  (1994), Ekerfors 
(1995),  Westman  (1995), where a full description is to be found, and Hedlund 
(1996a, 1996c and 1996d). Laboratory test set-ups for study of these properties 
will therefore only be briefly reported here. 

Strength development in concrete is influenced by the curing temperature since 
the rate of the chemically reaction increases with temperature. Tests of the 
strength development are performed at different temperature levels on concrete 
cubes with a side of 100 mm. Used storage temperatures is in the range of 5 - 
50°C and the concrete cubes are tested in compression until failure at four occa-
sions in the range of 8 - 168 hours after casting. From the same batch of concrete 
mix cubes are taken for the determination of the 28-days compression strength and 
tested according to the Swedish standard. 
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Thermal and Mechanical properties of young concrete - Laboratory tests 

By curing at different temperatures it is possible to determine the effect of tem-
perature on strength development and to determine parameters of the maturity 
function. 

2.1.2 Calorimetric tests - Heat of reaction 
Test set-up and determination of the heat of hydration and thermal properties of 
concrete is fully described in  Jonasson  (1994) and Ekerfors (1995) and will only 
be mentioned briefly here. 

Under adiabatic conditions no heat exchange is allowed between the concrete 
specimen and the surroundings, i.e. all generated heat due to the chemical reaction 
remains within the concrete body. In order to simulate an adiabatic process the 
specimen must be extremely well insulated and the ambient air temperature has to 
be accurately regulated. The absolute accuracy of the adiabatic equipment at  Luleå  
University has been studied by heating an aluminium specimen with well known 
material properties,  Jonasson  (1991). 

In semi-adiabatic tests the newly cast specimens are placed in the centre of cubes 
made of cellular plastic  (EPS).  The recorded temperatures are not adjusted or 
regulated in any way. However, after the concrete have hydrated, the test specimen 
is heated in order to determine the heat transfer coefficient of the system at the 
time of test duration. 

By making simultaneous laboratory tests with adiabatic and semi-adiabatic 
equipment the results obtained can be used as a relative control of the test meth-
ods. If the resulting heat of reaction falls within an expected accuracy for both 
types of testing, the probability is much higher that the results are reliable. Semi-
adiabatic equipment can also be used at construction sites determining the heat of 
hydration in a quite reliable way,  Groth  and Hedlund (1996). 

Thermal properties of studied concrete mixtures, both normal strength and high 
performance concrete, in this thesis have been tested as described and evaluated 
according to Ekerfors (1995),  Westman  (1995) and Hedlund (1996a). Methods for 
determining heat of hydration and comparison of "Round Robin" tests have been 
reported in Morabito (1994). 

2.1.3 Thermal deformation tests 
Cylinder specimens are used in free thermal deformation tests to determine the 
thermal coefficients during expansion and contraction of hardening concrete. Im-
mediately after casting the concrete specimen is placed in a basin containing 20°C 
water. Depending of the strength of the concrete the thermal deformation tests can 
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be started about six to eight hours after casting. Approximately half an hour before 
the start of the deformation test the specimen is demoulded and two strain gauges 
of type LVDT Schaevitz type 010 MRH are mounted on composite bars made of  
invar  and graphite. The gauges are symmetrically mounted on the cylinder speci-
men border, see Figure 2.1. 

The LVDT is an electromechanical device that produces an electrical output pro-
portional to the displacement of a separate movable core. The gauge consists of a 
primary coil and two secondary coils symmetrically spaced on a cylindrical test 
specimen. As the primary coil is energised by an external power supply, voltage 
are induced in the two secondary coils. When the specimen moves from its null 
position (reference position), it produces a differential voltage output that varies 
linear with changes in the core position. With this type of gauges the deformation 
can be measured with an accuracy of about 0.031.1m. 

z 

  

  

  

Figure 2.1: Inductive strain gauge mounted on the border of the test specimen 
at thermal deformation tests. 

The two transducer gauges are placed on opposite sides of the specimen, see 
Figure 2.1. The concrete which is controlled by the deformation gauges is located 
in the central part (100 mm) of the test specimen (total length 340 mm). Before 
demoulding the compressive strength is tested and has to be at least 3 MPa. De-
pending on the concrete it is possible to demould and apply the gauges onto the 
specimen about 8 - 10 hours after casting. 

54 



Thermal and Mechanical properties of young concrete - Laboratory tests 

After the strain transducer have been mounted the specimen is placed in a water 
tank equipped with heating devices. Regulation of the temperature in the water 
tank can be performed in several alternative ways e.g.: 

1. On and off 

2. Simulated temperature rise in accordance with the temperature devel-
opment in a structural concrete member. 

The simplest way is the "On and off' technique where the heating device is turned 
on at test start and at a chosen temperature level turned off. This is a quick alter-
native of determining the deformation coefficients. When the heating devices is 
turned on the temperature will rise very fast at first. However, due to the heat loss 
to the surroundings the rate of temperature rise will tend to decrease. This means 
that a constant temperature will develop gradually in the water and be spread to 
the concrete specimen. When the heating is switched off the heat loss to the sur-
roundings gives a temperature decrease. At first the temperature will decrease 
rapidly and slowly approaching the ambient temperature in the room. With this 
method it is sufficient to record the temperature and the movements of the con-
crete specimen. 

The second alternative is to simulate the thermal development of some chosen 
newly cast concrete structure. For the calculation of such a time-temperature curve 
the temperature and strength development of the concrete have to be known, see 
for instance  Westman  and Garcia (1993), Hedlund (1996a), Hedlund (1996b). For 
the calculation of the representative temperature curve a finite element program  
(FEM)  called  HETT (Jonasson,  Stelmarczyk (1991)) is used in this study. This 
method also requires more efficient regulation of the heating device in order to 
follow the pre-chosen time-temperature curve with regard to the temperature in 
the water and consequently in the specimen. 

For the concrete mixtures studied here both these regulation techniques have been 
used and they are called (No.1) for the "On and off' alternative and (No.2) for the 
simulated pre-chosen temperature method. The obtained temperatures and the 
measured deformations of tested concrete mixes are presented in Appendix F. 

2.1.4 Creep tests 
At the University of  Luleå  two different types of testing frames are used when per-
forming creep tests in compression. One frame is used for normal strength con-
crete and the other one is used for high strength / high performance concrete. The 
difference between the two frames relates in the way of application of the load. 
For the frame used for normal strength concrete the load is applied as a dead 
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weight at the end of a cantilever magnifying the load on the specimen. For high 
strength / high performance concrete the load is applied with hydraulic pressure. 
The later method of applying the load has the important advantage, besides that 
higher loads can be applied, that the load can be applied absolutely centrically and 
vertically on the specimen. 

Tests of creep in compression are carried out on young concrete specimens in the 
range of 13 - 168 hours after casting. The test set-up is fully described in  Westman  
(1995). Further, in the national project on high performance concrete similar creep 
tests in compression are performed at Lund Institute of Technology (  Persson  
(1996)). 

For conversion of creep test data to relaxation data a method originally developed 
by Bazant et al (1974) and in Sweden adopted by  Jonasson  (1977) is used. For ex-
trapolation of creep data in age of loading and time of duration several approaches 
have been analysed ( Emborg, 1989 and  Westman,  1995). Some examples of ad-
ditional such creep models are found in  Byfors  (1980),  Bemander  and  Gustafsson  
(1981), Wierig (1988), Acker and Eymard (1992), Tanabe and Ishikawa (1993), 
Rostasy et al (1993) and Haugaard et al (1996) etc. 

2.1.5 Self-desiccation and shrinkage tests 
Self-desiccation shrinkage occurs mostly in concrete with lower water cement ra-
tions (below 0.40), but have also been observed in concrete with water cement ra-
tio of 0.50, see section 5.3. Self-desiccation shrinkage have earlier been studied in 
Sweden at Lund Institute of Technology, see  Persson  (1992). 

In this thesis the tests have been focused on measurements of self-desiccation and 
shrinkage at sealed conditions. A detailed description of the test set-up and the 
conditions at testing is given in chapter 4. 

2.1.6 Stresses in hardening concrete 
Test set-up for measurements of stresses caused by volume changes during hydra-
tion following a pre-chosen time-temperature curve is described in detail in  
Westman  (1994) and  Westman  (1995). A concrete specimen of 150  x  150 mm2  
cross section and 1 m long is cast directly in the test frame. The test frame consists 
of a rectangular hollow steel beam of profile VKR 450  x  250 mm with a steel 
thickness of 16 mm. Tensile reinforcement consisting of eight threaded M6 rods 
(length 100 mm) at each end of the specimen transmitting tensile forces from the 
concrete to the stiff frame in the cooling stage. 
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The test specimen is covered with plastic foil protecting it from drying (self-
desiccation is not prevented by the sealing) and is located in a box made of Plexi-
glas. For temperature regulation two heaters blow temperate air into the Plexiglas 
box. The time-temperature curve used in this stress testing machine is chosen to 
be the same as was described in section 2.1.3 at tests of free movements. 

One end of the specimen is fixated in the stiff frame, which in turn is anchorage in 
the floor, and the other end is free to move in the longitudinal direction of the test 
specimen. When the specimen tends to expand, a hydraulic servo-cylinder will 
force the free end back into the position in order to keep a constant length of the 
specimen. Vice-verse, the hydraulic servo-cylinder will pull the specimen when it 
tends to contract during the cooling stage. This is controlled by a displacement 
gauge measuring the movement in longitudinal direction of the free end. The 
strain transducer is of type HS/HLS 5B from Welwyn Strain Measurements. For 
displacements in excess of 0.2 gm the compensation is performed by the load 
cylinder. The force exerted by the hydraulic servo-cylinder is directly proportional 
to the stress in the concrete specimen. 

For regulation of the temperature and displacement of the specimen a PC 
equipped with PID regulator, A/D-D/A converter and a regulation program, Reg-
Sim  (Gustafsson  (1990)) is used. 

Similar test equipment and measurements have been reported in Breitenbücher 
(1989),  Laube  (1990), Springenschmid et al (1994) and Bjontegaard et al (1996). 

In this thesis results of stress measurements for four high performance concrete 
and one normal strength concrete are presented, see section. 6.1.1. 
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Humidity and Shrinkage 

3. 	HUMIDITY AND SHRINKAGE 

3.1 	General 

The humidity or generally speaking the moisture state plays a very important role 
in concrete, as a structural member is influenced in many ways like 

• Material properties: Shrinkage or swelling always follows a moisture varia-
tion, which may cause drawbacks with undesired stresses, deformations and 
cracking; the actual strength is affected by the moisture state; and heat trans-
fer capability increases with the moisture content. 

• Life cycle issues: Almost all destructive attacks on concrete demands access 
of free water in order to start and /or to prolong the present process; freeze 
and thaw cycles, corrosion etc. are some of many important processes that 
can shorten the life time of a structure. 

• Functionality: Many other materials in contact with concrete can not be ex-
posed to high moisture states without causing trouble, like for instance 
saponification of the glue or dissolution of certain substances in a cover 
material when putting dense sheets on the surface of a concrete member; or-
ganic materials in contact with concrete demand low moisture states not to 
be destroyed by time. 

So, there is a big need in the building branch to be able to predict and / or to 
measure the moisture state in concrete. In this thesis analyses of moisture states 
and moisture movements of some HPC and NPC mixtures are given, and one 
main aim is to develop a rational basis for stress analyses of young concrete in-
cluding the effects of shrinkage at sealed conditions, see chapter 6 and chapter 5 
respectively. 

To get a general picture of moisture in concrete, the typical characteristics for dif-
ferent moisture states in concrete are given in the subsequent text. 

3.2 	Evaporable and non-evaporable water 

The evaporable water content of concrete is defined by the weight of water mi-
grating from a concrete specimen dried at a temperature of 105  °C.  The weight of 
loss when heating the concrete from 105  °C  to 1050  °C  is defined as the non- 
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evaporable water content. Phenomenologically the non-evaporable water may be 
regarded as the chemical bound water, and here this last denotation is used as a 
clear synonym. 

3.2.1 Degree of reaction 
For hydration of pure Portland cement the relative amount of chemical bound wa- 

ter is commonly used for the definition of the degree of hydration (a =wn wnult 

where wnuh  is the ultimate chemical bound water, see Eq. (3:1)). The use of the 

relative amount of liberated heat as well as the relative amount of hydrated cement 
are quite equivalent for hydration of pure Portland cement, see  Byfors,  (1980). 
When puzzolanic materials like silica fume, fly ash and slag are added to the 
Portland cement the situation changes so that the degree of reaction no longer can 
uniquely be described by the amount of chemical bound water, since the puzzo-
lanic reaction is more complex with respect to chemical bound water than the hy-
dration of Portland cement (Helsing-Atlassi, (1993)). Still, the amount of liberated 
heat may be used as one definition of the degree of reaction, if the ultimate value 
is known. 

In this thesis only concrete mixes have been studied. The main reason for this is to 
get data on properties of the material that is actually used in practice, and, hence, 
all data obtained can be regarded as representative for the use of in situ concretes. 
One unwanted consequence is that measurements on chemical bound water can 
not easily be done  (Byfors,  (1980)), and no such data exist for the studied con-
cretes. On the other hand, all mixes are tested to determine the liberated heat, 
which may be used to describe the degree of reaction, see for instance Ekerfors 
(1995). The main purpose of that procedure is to get data for prediction of tem-
peratures in concrete structures. 

3.2.2 Evaporable water 
The moisture movements of concrete are associated with the changes in the 
evaporable water content. The exact mechanism of shrinkage and swelling is not 
known at present, but with a basis from existing models of the pore structure some 
constructive ideas may be formed. In Powers (1960) cement paste, mortar and 
concrete can be divided into the following parts, see also Fagerlund (1976): 

• Aggregate (for mortar and concrete) 

• Unhydrated cement 

• Solid cement gel 
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• Gel pores of which some may be filled with evaporable water 

• Contraction pores possible filled with evaporable water 

• Capillary pores possible filled with evaporable water 

• Air bubbles 

The quantified volumes and masses shown in Appendix A are based on the fol-
lowing observations and idealised conclusions made by Powers: 

1. The degree of hydration according to Eq. (3:1). 

2. The volume of hydrated water is 0.75 of the volume of free water. 

3. All decrease in the hydrated water creates contraction pores. 

4. Gel pores are formed by the hydration process, and the weight of the 
water in the gel pores is 0.15 of the mass of hydrated cement. The vol-
ume of the water in the gel pores is 0.90 of the volume of the free water. 

5. The mixture is homogeneous in forming the pore structure, i.e no 
bleeding and water separation is present. 

Studies of the volume of the hydrated water for Portland cement mixed with 10 
per cent of silica fume have shown that the decrease of the water is in the same 
level as stated in point 2 above, see  Persson  (1992). This means that blended bind-
ers used for high performance concrete can be expected to have similar contrac-
tion pores as the use of pure Portland cement. 

As conceived in this model the contraction pores are usually put together with the 
gel pores as they are believed to be equal spread in the gel structure. These pores 
are used as expansion space for the early age freezing at self-desiccation, see 
Fagerlund (1983) and  Jonasson  (1984). The capillary pores may be regarded as the 
space between the gel particles when they do not reach each other. With the fig-
ures in Appendix A and the assumption of the degree of hydration according Eq. 
(3:1) we may calculate two parts of the evaporable water at saturation as: 

with  

wn  a — 
0.25 • C 

W  sat W  gel + W  cap 

_CC  	C  

( 3:1) 

( 3:2) 
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— 0.2125.a 	 (3:3) 
C 

W  cap  Wo  
— — 0.385. a 	 ( 3:4)  

C C  
which gives 

W  sat W  o — — — 0.1725. a 	 ( 3:5)  
C C  

where wn 	= non-evaporable water, kg/m3  

C 	= cement content, kg/m3  

a 	= degree of reaction, - 

W sat 	= the total evaporable water content at saturation, kg/m3  

wge/ = evaporable water content in the gel and in the contraction pores 

at saturation, kg/m3  

wcap = evaporable water content in the capillary pores at saturation, 

kg/m3  

wo 	= initial (mixing) water content, kg/m3  

Based on Eqs. (3:1)-(3:5) it has been shown that for the use of pure Portland ce-
ment complete desorption and absorption isotherms can be established  (Jonasson,  
1994). Up to my knowledge no such general description exists at present for the 
use of puzzolanic materials as additives to Portland cement. 

There seems not to exist any unified physical / chemical model for estimation of 
shrinkage in concrete. One interesting hypothetical approach based on thermody-
namics is that both creep and shrinkage is a consequence of mass transport (micro 
diffusion) and redistribution of water molecules in so called hindered adsorbed 
water layers (Powers (1968) and Bazant (1972) and (1974)). This means that 
shrinkage in some respect is related to some portion of the evaporable water in the 
gel pores. Here this is used only in the sense that at sealed conditions the shrink-
age is empirically modelled (called method 2) with a type of function that com-
monly is used for description of the degree of reaction, see further Eq. (5:12). 

' gel 
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3.3 	Pore humidity 

Most methods of measuring the moisture state in concrete are related to the rela-
tive humidity in the concrete pores (air bubbles or air filled bigger capillary pores 
in appendix A). This pore humidity is believed to be directly connected to the 
amount of evaporable water, which is equivalent with the existence of sorption 
isotherms. Physically, the evaporable water content can be divided into the fol-
lowing parts: 

• Adsorbed water layers 

• Capillary condensed water 

• Water vapour in air filled pores 

In general, the weight of water is determined by the sum of adsorbed and capillary 
condensed water, as the weight of the water vapour molecules can be neglected in 
comparison with the first two parts above. If there is any change in the moisture 
state for instance by ongoing hydration or a change in temperature, the local equi-
librium between macro- and micro-pores is believed to be instantaneous with re-
spect to the pore humidity. But it may take some time to the pore humidity to be in 
equilibrium with the measuring chamber like a drilled hole or a tube, and this is 
one source of delay when doing measurements of relative humidity in concrete. 
This delay is more pronounced for high performance concrete where a dense 
structure is assumed. One may note that in mature concrete an increase of tem-
perature gives a higher pore humidity and vice versa, see for instance Nilsson 
(1987). 
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4. 	MEASUREMENTS OF HUMIDITY AND 
SHRINKAGE IN CONCRETE 

The newly cast concrete has by definition 100% relative humidity. Without sup-
plying water and without drying out the humidity will decrease due to the reaction 
between cement and water. This is specially pronounced for high strength / high 
performance concrete. This region of high humidity sets special demands for the 
instruments and equipments used for measurements of the moisture state in young 
concrete. For relative humidity,  RH,  measurements there is a number of measuring 
methods, here presented in no special order, such as: 

• dew point meter 

• capacitive instrument 

• electrolyte measuring based on known conductivity 

• resistivity based measurements 

• resistance based measurements. 

Instruments using these different measuring techniques have been studied on ref-
erence concrete specimens for comparison, see Andersen and Christensen (1996). 
In the evaluation of the methods the direct measured values was used, and a gen-
eral picture is that it seems to be a rather big scatter in measured humidities. This 
illustrates the need of high frequency in calibration of the instruments when per-
forming humidity measurements. 

With knowledge about the shape of the sorption curves for concrete, see for in-
stance Powers and Brownyard (1948), Ahlgren (1972), Nilsson (1980), Helsing-
Atlassi (1993) and Norling-Mjörnell (1994) it is possible to estimate the change  i 
RH  due to the change of the evaporable water content for sealed specimens. 

As the water consumption prolongs due to the chemical reactions during hydration 
small changes of the remaining water (evaporable), in combination with low incli- 
nation in the sorption curve ( 	) gives large changes of the measured relative 

humidity. This is the case at desorption both for NPC (Figure 4.1) and for HPC 
(Figure 4.2). The introduction of silica fume in HPC gives a very low inclination 
of the desorption isotherm, which creates a large decrease of  RH  for HPC at 
sealed conditions. Research of the desorption and absorption isotherms are not 
done at  Luleå  University of Technology, but such activities are going on at other 

65 



M
as

s  
w

a
te

r  
co

n
te

n
t,  

%
 

4 

3 

M
as

s  
w

a
te

r  c
on

te
n

t,
  %

 

4 

technical faculties in Sweden like Lund University of Technology and Chalmers 
University of Technology. 

At  Luleå  University of Technology the relative humidity is measured with a ca-
pacitance  RH  sensors calibrated over saturated salt solutions which will be de-
scribed further in section 4.1. 

0 20 40 60 80 100 
Relative humidity, % 

Figure 4.1: Water vapour desorption and absorption isotherms for NPC, SF/13 
= 0, obtained at the temperature 23°C on hardened materials. After 
Baroghel-Bouny et al (1996). 

0 20 40 60 80 100 
Relative humidity, % 

Figure 4.2: Water vapour desorption and absorption isotherms for HPC, SF/B 
= 0.1, obtained at the temperature 23°C on hardened materials. 
After Baroghel-Bouny et al (1996). 
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4.1 	Calibration of  RH-sensor 

It is important to calibrate the relative humidity sensors very often to get control of 
the drift of the sensors. For some of the most common  RH  sensors the drift of the 
instrument can be larger than the measured change of humidity. Essential factors 
when measuring the relative humidity are good care of the instruments and a lot of 
calibration, see for instance Hedenblad (1993). In my work the sensors were cali-
brated before a new test was started and every month during the continuation of 
the measurements. The period of calibration then took about one week to perform 
before the measurements could continue. With a calibration made before and after 
a measurement, the magnitude of the drift is known, see Figure 4.7, for the inter-
val 70% to 100% relative humidity. For calibration saturated solutions of six dif-
ferent salts were used, see Table 4.1, at the temperature 20°C ± 0.5°C. 

Table 4.1: Calibration salts and there relative humidity at 20°C, Greenspan 
(1977). 

Salt name  RH,  % 

Lithium chloride LiC1 11.3 ± 0.3 

Magnesium chloride MgC12  33.1 ± 0.2 

Sodium chloride NaCl 75.5 ± 0.1 

Potassium chloride KC1 85.1 ± 0.3 

Potassium nitrate KNO3  94.6 ± 0.7 

Potassium sulphate K2S 04 97.6 ± 0.5 

A normal usage of the  RH  sensors is to calibrate over saturated salt solutions at a 
certain temperature and later using the instruments at a different temperature envi-
ronment than calibrated for. The used salts are relatively sensitive to temperature 
changes in the high relative humidity state, see Figure 4.3. This sets limitations for 
the possibilities of determining the  RH  for young concrete. Furthermore, it is not 
possible to achieve an instant value of the relative humidity when starting meas-
urements. This depends partly on that it takes some time to reach hygral equilib-
rium in the measuring chamber. 
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To calibrate a relative humidity sensor a closed box or chamber has to be used so 
the instrument can reach the equilibrium point of the vapour. In this paper I will 
deal with two different calibration chambers that have been used. 

The first was a small vessel which contained the saturated salt solution, one for 
each salt. In order to achieve a less temperature sensitive environment the vessels 
were placed in expanded polystyrene, Sahl6n (1993). This was done to avoid sud-
den temperature changes of the calibration system. The calibration unit of salt so-
lutions and insulation was then placed in a temperature and moisture stable room 
were the test specimens also where stored. 

The calibration vessel consists of a small transparent plastic bottle with double 
walls. The inner wall is a diaphragm (porous wall, water vapour permeable) and 
the outer wall is made of the bottle. The saturated salt solution is situated in-
between these two walls. The water vapour penetrates through the porous wall of 
the diaphragm into the inner part of the bottle and creates an air in equlibrium 
with the saturated salt solution, which can be used for calibration. A calibration 
vessel with a humidity sensor is shown in Figure 4.4. 
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Figure 4.3: Temperature dependence of used saturated salt solutions accord-
ing to Table 4.1. Dotted line marks the calibration temperature at 
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Figure 4.4: Calibration vessel with  RH  sensor. Insulation is not shown. 

A problem with these small calibration vessels is the diaphragm. It will be dam-
aged by the constant contact of the salt solution. After approximately one to two 
years a new diaphragm have to be installed in the calibration bottles. To solve this 
problem a new calibration box, also based on saturated salt solutions, was devel-
oped. The new box does not have the system of water-vapour permeable wall. In-
stead, the second calibration system is based on a larger chamber, where up to 12  
RH-sensors can be calibrated at the same time. A container of saturated salt solu-
tion is placed inside the well insulated box, the sensors is placed in the chamber 
above the saturated solution and the system is then closed. For temperature meas-
urement of the salt solution inside the calibration chamber a temperature gauge is 
placed in the neighbourhood of the saturated solution. 

Although the air volume of the boxes differs greatly the calibration time is still the 
same, about 24 hours for each saturated salt solution, see Figure 4.5. It is possible 
to reach hygral equilibrium within a working day, but for safety it is better to wait 
at least for 24 ± 2 hours according to the standard ASTM E104-85. The tempera-
ture variation inside the calibration boxes were about ± 0.10°C, see Figure 4.6. 
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Figure 4.5: Elapsed time to reach 
equilibrium during 
calibration. 
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Figure 4.6: Temperature varia-
tion during calibra-
tion of a  RH-sensor. 

These methods of using saturated salt solutions are a quite reliable way of having 
control of the  RH  measurements and a necessity for evaluation of research results. 
Another method to calibrate relative humidity sensors is to use a steam generator 
that works under pressure - a method that have the same level of accuracy as cali-
bration with saturated salt solutions. The method of using steam under pressure is 
much faster which is a gain to be able to calibrate more often, but this technique is 
not used here. 

4.2 	Calibration procedure 

The relative humidity sensors were calibrated with saturated salt solutions. The 
saturated salt solutions used and their relative humidity at 20°C are listed in Table 
4.1 taken from Greenspan (1977). 

The values in Table 4.1 are for saturated salt solutions under ideal conditions and 
may have some uncertainty concerning systematic errors. The equilibrium relative 
humidity values are also used in ASTM E104-85, where additional 28 saturated 
salt solutions are presented. 

The calibration starts with the saturated salt solution which has the lowest relative 
humidity, lithium chloride with 11.3%  RH.  Then follows the different salt solu-
tions with increasing relative humidity. Finally, after calibration with potassium 
sulphate (97.6%  RH)  the humidity sensors are moved back to the saturated salt 
solution of magnesium chloride (33.1%  RH),  so the sensors will be at their  ab- 
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sorption isotherm both during the calibration and during measurements in test 
specimens. Between each calibration the calibration curves may change due to the 
drift and other errors. An example of calibration curves for one sensor calibrated 
over saturated salt solutions is shown in Figure 4.7. The calibration curves are 
shown for a period of four month and indicates, for this sensor, a maximum drift 
of less then 1%  RH  in the region of 95% relative humidity. When evaluating rela-
tive humidity measurements linear interpolation in time is done between two cali-
brations dates. 

70.0 75.0 80.0 85.0 90.0 95.0 100.0 
Relative humidity of saturated salt solution, (%) 

Figure 4.7: Calibration curves for a time period of four month for one  RH-
sensor calibrated over saturated salt solutions. 

According to Hedenblad (1993) the precision of the saturated salt in Table 4.1 is 
not better than ± 0.5%  RH,  when the temperature instability of the salt solution is 

0.1°C. Also, if the drift of the sensor is greater than about 1%  RH  between two 
calibrations, the measured later values should not be used, and a new measure-
ment with a newly calibrated  RH  instrument should be made. 

4.2.1 Errors in the calibration process 
When measuring the relative humidity over saturated salt solutions or in any mate-
rial the result will be as accurate as the measuring circumstances that were ruling 
during the measurement. 

The accuracy of a humidity measurement can be described with factors of uncer-
tainty or error. This uncertainty can be spliced into systematic errors and random 
errors. Systematic errors during calibration can be characterised by errors in the 
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saturated salt solutions, non-linearity of the sensor in the measuring range, drift of 
the sensor, temperature differences between the humidity sensor and the material 
and error in the connection between measuring chamber and the environment. 
Random errors can be hysteresis or mistakes during calibration. 

4.3 	Measurements of relative humidity in HPC 

Measuring relative humidity in HPC is both easy and difficult. It is easy to meas-
ure the  RH  in the higher region of humidity when a small change of bound water 
causes a large change in the relative humidity. For an equal change of the moisture 
content from  wo  (saturated relative humidity) to wni for a HPC and a NPC the 
relative humidity will show different RHI, see Figure 4.8. The difference between 
a normal concrete and a high performance concrete can be understood by the 
shape of the sorption curves. More extensive measurement of sorption curves have 
been done by Helsing-Atlassi (1993). For the high performance concrete a signifi-
cant self-desiccation, Person (1992), takes place during hydration and will cause 
both decrease of  RH  as well as contraction of the concrete. 

       

       

      

A w n  

A w n  

      

HPC 

    

       

       

  

NPC  

    

RftrPc 	RFi
i
NPc 

Relative Humidity, % 

Figure 4.8: Relative change of bound water content for a high pelformance 
concrete (HPC) and a normal strength concrete (NPC). After 
Fagerlund (1994). 
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The difficult may be to know how long time it takes to reach hygral equilibrium in 
the measuring chamber. This due to the dense material with lower transport ca-
pacity of evaporable water. Determining the weight loss of evaporable water for 
high performance concrete necessitates high accuracy of the equipment and is 
probably easier to perform on normal concrete where the change of non-
evaporable water is larger for a certain change of  RH  under sealed conditions. One 
consequence is that the  RH  measurement as such probably have a good opportu-
nity to give accurate values in high performance concrete. 

4.3.1 Own measurements on concrete specimens 
The relative humidity has been measured on prismatic specimens in which poly-
propylene pipes were mounted before casting the concrete. The choices of meas-
uring pipes were based on the need of a dense material where no or as little as 
possible of the humidity could diffuse through the walls during measurements of 
the relative humidity. As there is no standard method for measurements of humid-
ity in young concrete my first task was to find a test specimen that could be used 
for measurements of humidity at self-desiccation, at one-dimensional drying and 
at water curing of concrete specimens. The time for measurements of the humidity 
was initially set to start as early as possible, which here means within 24 hours 
after casting the test specimens. 

4.3.2 Test specimen 
Test specimen for concrete should have a certain height in relation to maximum 
aggregate size, dmax, in order to make possibilities for a structure in representing 
the concrete as an apparent homogenous material. This is often set to three times  
d„,„,  as a minimum value. The test specimens used for my measurements had the 
dimension of 100 * 100 * 250 mm, see Figure 4.9. This specimen size can be used 
for concrete mixes with aggregate sizes up to 32 mm, which covers most of the 
common concrete mixes. The standardised test specimen for shrinkage measure-
ments on old normal concrete is a beam with the dimensions 100 * 100 * 400 mm. 

For young high performance concrete there has not been any special test specimen 
size used as a standard. Instead, many researcher have used the same beam as for 
normal concrete. Measurement of self-desiccation from Dilger et al (1996), where 
a specimen size of 100 * 100 * 600 mm was used, shows the similar shrinkage as 
my tests for the same water binder ratio. This indicates that the length of 250 mm 
to 600 mm does not have any influence on shrinkage at sealed conditions, see 
Figure 4.10. One conclusion is that shrinkage at sealed conditions probably is a 
true material parameter. 
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/ loo / 

Figure 4.9: Test specimen used for measurements of relative humidity and 
shrinkage on young HPC and NPC. 

With this similar result in mind it should be possible to measure shrinkage on 
shorter test specimens and still have quite good accuracy of the measured result.  
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Figure 4.10: Comparison of shrinkage measured on different test specimens 
and with different test methods. 
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4.3.3 Environmental conditions 
In this work measurements of shrinkage and relative humidity have been per-
formed in three different environments: 

• Water cured 

• One dimensional drying 

• Sealed 

The water cured specimens have been stored in a basin containing 200  water cov-
ering the test specimen completely. The specimen have been placed in the basin 
directly after demoulding and preparation. Time at start of measuring shrinkage 
and humidity has been varying between about eight to twelve hours, depending on 
the strength of the concrete. 

For one-dimensional drying and sealed specimens the following three types of 
membrane material have been used: 

• Epoxy glue,  EP-91 

• Polyethylene foil with bitumen 

• Aluminium foil with bitumen 

These three types of membrane materials have shown about the same result for the 
measurements. But when dealing with young concrete there is a need of early time 
for start of the measurement. This criteria can be difficult to achieve when using 
epoxy glue for membrane on all six sides of a test specimen, as this gluing can 
take as long as eight hours to fulfil. Due to this, some other types of sealing mate-
rials have been tested. Both the polyethylene film and the aluminium foil is easy to 
use to completely cover the test specimen. In this way, the time to realise the 
sealing of a test specimen decreased from eight hours to about 10 to 15 minutes. 
So, it is here preferable to use the polyethylene film or the aluminium foil. The 
long term impermeability is in favour to the aluminium cover. 

4.3.4 Preparation of test specimens 

The shrinkage and the humidity measurements have been performed on separate 
specimens. For the relative humidity measurements two or three polyethylene 
pipes were placed in the concrete specimen at casting. 

Relative humidity measurements 

Preparation of specimens used for humidity measurements starts before the con-
crete is poured in the moulds. The polyethylene pipes, to be embedded in the con- 
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crete, are prepared in such a way that adhesive tape and a thermal gauge are 
mounted in the bottom, see Figure 4.11. 

Due to the sharp edges of the tube cement paste will gather around the bottom if 
the adhesive tape is not used. In this case the measuring spot will not be represen-
tative for the concrete. 

Rubbertop 

Polyprophylene tube 
Thennal gauge 

Adhesive tape 

Figure 4.11: Picture of the polypropylene tube used for  RH  measurements in a 
concrete specimen. 

When casting, the tubes are placed into the concrete at measuring position as 
shown in Figure 4.12. 
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Figure 4.12: Test specimen for  RH  measurement with polypropylene tubes 
cast into the concrete. All measures in mm. 
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When vibrating, there could be some difficulties to maintain the correct measuring 
depth of the tube. This can be avoided if the polypropylene tubes are firmly fix-
ated during vibration. 

The specimens are demoulded before the measurements can start. Depending on 
the storage environment the specimen, is either situated for start of measurements 
or sealed with a membrane. The adhesive tape is removed from the bottom of the 
tube and a  RH-sensor is placed into the measuring chamber, i.e. inside the tube. 
This is shown in Figure 4.13 where the expansion rubber of the  RH-sensor lock-
up a section of the tube which will become the measuring chamber. Note that the 
sintered top of the  RH-sensor must not get in contact with the concrete. 

The measuring chambers are placed perpendicular to the moisture flow for drying 
specimen. 

Figure 4.13:  RH-sensor mounted in the polypropylene tube during measure-
ment. 

The sensors are named TestoTerm and register the temperature and changes of 
capacitance. This is directly evaluated by a processor in the instrument which di-
rectly shows a value of the relative humidity. All measurements have been evalu-
ated with the calibration diagrams for each sensor over time during the test period. 
Relative humidity measurements have been performed on specimens stored in 
water, on double side drying in air and on sealed specimens. Results of these 
measurements are presented in section 5.2.1. 
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Shrinkage measurements 

The same size and shape of specimen have been used for measurements of shrink-
age as where used for  RH  measurements of the hardening concrete. 

Here three different types of membrane systems, mentioned in section 2.1.5 and 
section 4.3.3, have been used for sealing of the specimen. 

The epoxy glue,  EP-91, is a two component glue with a moisture resistance, Z, of 

about 220.10 s/m for a two millimetre thick layer according to the manufacture 
PelPlast. The time elapsed for covering specimens used for self-desiccation meas-
urements is about 4 - 8 hours. 

Using both the variants of foil have shown great improvements in the sealing per-
formance. The foils consists of two materials, bitumen and a outer barrier of either 
0.50 mm polyethylene or aluminium. Both the barriers have good moisture resis-
tance, but the aluminium foil have probably better long term properties. The long 
term aspect is a major factor when measuring the time depending properties of 
concrete as both humidity and shrinkage tests takes relatively long time to per-
form. 

Before covering the specimen small dowels are attached on the surface of the 
specimen with a strain stable glue, X60, designed for strain gauges of type 
STAEGER. This strain gauge have possibilities to indicate changes in position 
within 1  sim.  For accuracy of the measurements a reference steel bare is used with 
known length as a calibration distance. Each measured value is represented by a 
mean value of several measurements on the prism and calibration distance. The 
dowels are specially made for the mechanical strain gauge used for measurements. 
In order to secure a firmly attachment between the dowel and the still wet concrete 
surface, an easy flowing compound of the glue is placed on the concrete, emerging 
in to the pores in the surface. The glue hardens rapidly and is solid after about 1 
minute. Four dowels are mounted symmetrically on each specimen with a meas-
uring length of 200 mm. 

The tests are performed in a temperature and humidity stable room. During the 
tests of free shrinkage measurements the ambient temperature has been kept at a 
constant level of 20 ± 1°C. Otherwise, there has been no temperature regulation of 
the test specimens during performance of the tests. Correction of temperature rise 
during hydration is further described in section 5.2. 

The sealing is fulfilled after the gluing of the dowels. Results from measurements 
of shrinkage at sealed conditions are presented in section 5.3.2.1 and Appendix  D.  
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4.4 	When to start measuring shrinkage in HPC 

The different stages of non-thermal movements in fresh and young concrete can 
be described as bleeding and setting, plastic shrinkage with a dead weight carrying 
skeleton and shrinkage - drying or self-desiccation. The term shrinkage is here re-
ferring to the time from which the concrete have a fixated structure that can carry 
stresses and distribute them in the matrix. 

As thermal and moisture stresses appear at early age and are a function of the 
stiffness of the structure, the Young's modulus of elasticity development of con-
crete becomes a major factor influencing the stress development. During the first 
days after casting the  E-modulus will rise from zero to about 80% of its 28-day 
value for concretes made of ordinary Portland cement. 

There are several ways that this can be tested: for instance 1) compression tests of 
cubes or cylinders, 2) measurements of stiffness or 3) non-destructible measure-
ments. 

Measurements of the stiffness  (E-modulus) can in principle be performed in two 
ways. The first, and the most common way, is the static method, where a concrete 
specimen is loaded in compression or tension resulting in a stress-strain diagram. 
As the plasticity of the concrete at early age causes large lateral deformations, the 
ordinary test set-up for deformation measurements on a fully hardened concrete 
specimen is disabled. Consequently, the traditional way of determine  E-modulus 
at early ages can not be used without difficulties. The second method is the dy-
namic method used mostly in service life investigations. The dynamic way makes 
it possible to record progressive changes in material characteristics, like the for-
mation of a fixated structure where fresh concrete is transforming into a solid 
structure. 

Dynamic measurements have been performed for concrete mixture HPC 6 at Lund 
University of Technology. Test set-up is fully described in Nagy (1994) and will 
only be mentioned briefly here. The measurements have been done according to 
American standard ASTM 215-85. This description covers methods of measure-
ments of the fundamental transverse, longitudinal and torsion frequencies on con-
crete prisms or cylinders to determine the dynamic  E-modulus. 

The interesting part in these measurements are the damping coefficient,n . The 
damping coefficient can be defined as a quantity which characterises the degree of 
departure of the material from perfect elasticity. This means that damping is a 
measure of the plastic dissipation in the concrete, see Nagy (1994). As the con-
crete behaves like a plastic material at very early age, the recorded damping coef-
ficient has its highest value for young concrete and decreases with age. The 
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damping coefficient can be determined from the half power band width method 
and can be expressed as (Nagy (1994)): 

(f2-fi) 	 ( 4:1) 

where 11 	= damping coefficient, - 

fi,f2 = frequencies measured at half value of the maximum squared mo-
bility at resonance, Hz 

= resonance frequency, Hz 

An example of test result showing the mechanical mobility as a function of fre-
quency is presented in Figure 4.14. The frequency,!, corresponds to the peak 
value, fi to the left half band value and f2  to the right half band value. 

Measured results for the damping coefficient tested for concrete mix HPC 6 from 
the age of seven hours up to 28 days after casting, see Figure 4.15. Further result 
of measured frequencies measured on the test specimens and damping coefficients 
are presented in Appendix  B.  
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Figure 4.14: Schematic diagram of test result for concrete HPC 6. 
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Figure 4.15: Damping coefficients for concrete HPC6. 

In Figure 4.15 a significant changes in plastic dissipation takes place during the 
first hours after casting. After that a more fixated structure has been developed. 
Other types of measurements have been performed by Radocea (1992) and Rado-
cea (1996) stating changes of negative pressure for cement pastes at early ages. 
These changes in pressure also indicates transformation from plastic phase to a 
more solid stage. The time range for this transformation is reported from four 
hours to about twelve hours after casting depending on the water cement ratio. 
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5. 	LABORATORY TESTS OF SELF-DESICCATION 

AND SHRINKAGE UNDER SEALED CONDITIONS 

For study of self-desiccation and shrinkage 15 concrete mixes have been evalu-
ated, four normal concrete, NPC 1 to NPC 4, see Table 5.1, and 11 high perform-
ance concrete mixes, HPC 1 to HPC 11, see Table 5.2. 

In this section the evaluation of one concrete mix will be fully described and the 
results of all others will be presented at evaluation in accordance with each con-
crete mix. Measured data of relative humidity for sealed specimens are presented 
in Appendix  C,  and shrinkage for sealed specimens are presented in Appendix  D.  

5.1 	Concrete mixes 

The concrete mixes that have been studied in this thesis have a broad range. From 
references of a normal concrete with water cement ratio, wo/C, of 0.76 to the most 
extreme high performance concrete with a water binder ratio, wo/B, of 0.21. The 
binder content is defined as  

B  =  C  + SF + —
F A 

( 5:1) 
3 

where  C 	= cement content, kg/m3  

SF 	= silica fume content, kg/m3  

FA 	= fly ash content, kg/m3  

Two of the high performance concrete mixes have earlier been composed for the 
Swedish research program of High Performance Concrete. HPC 1 was composed 
for in-situ constructions and HPC 4 for the prefabrication industry. No concrete 
mix presented here has fly ash as a component. 

All figures given here for the concrete mixes are dry weights. 

5.1.1 Normal concrete 
Mixtures NPC 1 - NPC 4 are of varying character of usage. The mixtures have 
been designed for use in future marine constructions, large infrastructure con-
structions, and common buildings. All mixtures contains the same type of cement 
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(here called fabricate No.1) of type II according to ASTM standard. One of the 
mixtures also contains silica fume (SF), see Table 5.1. 

Table 5.1: Composition of normal concrete mixtures 

Mixture NPC 1 NPC 2 NPC 3 NPC 4 

Cement fabricate 1 1 1 1 

Cement content, kg/m3  399 250 440 425 

SF/B, % 5 - - - 

Sand / Gravel, kg/m3  850 / 850 1063 / 943 691 / 883 637 / 1044 

wo/B, - 0.40 0.76 0.50 0.42 

fc
2
c
8 , mpa  51 25 50 53 

The silica fume for NPC 1 is added as slurry (50% solid / 50% wet). 

NPC 1 and NPC 4 contains air entrainment agents and superplasticizer. The 
maximum gravel size of the mixes NPC 2 - 4 is 16 mm and NPC 1 contains a 
maximum gravel size of 32 mm. For NPC 2 -3 the sand and gravel is taken from 
the region near  Luleå.  For NPC 1 and NPC 4 the sand and gravel material is taken 
from the southern parts of Sweden. 

5.1.2 High performance concrete 

Table 5.2 shows the concrete mix composition for the high performance concretes. 

The concrete mixtures are made of four different cement fabricates (here called 
fabricate Nos.1, 2, 3 and 4, respectively) of which one is the same as have been 
used for the normal concrete mixes. All of the cement fabricates are of type II ac-
cording to ASTM standard. The type II cement is a low heat binder. 

For the high performance concrete mixes no air entrainment - except for one mix - 
has been used. The sand and gravel material is taken from the region near  Luleå.  
The gravel, a different kind then was used for the normal concrete mixes, consists 
of  gabbro  and the sand, same as for the NPC mixes, of granite. The maximum size 
of the coarse aggregate of the mixes is 16 mm. For the mixes HPC 1 and HPC 4, 
the sand and gravel is taken from the region around Stockholm. 
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Table 5.2: Composition of high performance concrete mixtures 

Mixture HPC 
1 

HPC 
2 

HPC 
3 

HPC 
4 

HPC 
5 

HPC 
6 

HPC 
7 

HPC 
8 

HPC 
9 

HPC 
10 

HPC 
11 

Cement fabricate 1 1 1 1 1 1 2 3 4 4 1 

Cement content, 
kg/m3  

450 476 490 480 510 510 470 450 480 470 530 

SF/B, % 51 91 92 91 91 92 _ 52 92 _ 102 

Sand / Gravel, 
kg/m3  

763/ 
1055 

759/ 
1029 

728/ 
1151 

758/ 
1047 

735/ 
1043 

714/ 
1181 

732/ 
935 

897/ 
897 

758/ 
1047 

732/ 
935 

698/ 
1210 

wdB, - 0.31 0.30 0.31 0.27 0.27 0.27 0.37 0.28 0.21 0.37 0.25 

fc
2
c
s , m  p  a  95 135 123 125 145 144 67 126 166 108 145 

fc2c8  is tested on 100 mm cubes according to Swedish standard. 

= SF added as 50/50 slurry 
2 = SF added as dry powder 

Silica fume is added to HPC 1 - 6 and HPC 8 - 11. For HPC 1, 2, 4 and 5 the silica 
fume is added as slurry, and for the other mixes containing silica fume dry powder 
is added to the mixer. The mixtures of HPC 9 and 10 contain energetically modi-
fied cement. HPC 7 is the only mix containing only one type of cement as binder 
material. Furthermore, no air entrainment is generally used for the studied high 
performance concrete mixes except for HPC 7. The concrete HPC 7 contains 
about 5% of air. 

5.2 	Self-desiccation and shrinkage under sealed conditions 

All mixtures presented in Table 5. land Table 5.2 have been examined for self-
desiccation. The measurements have been performed directly on the test speci-
mens and in some cases in a test tube of glass. In the later cases, the measurements 
have shown nearly the same value of relative humidity as for the direct measure-
ments in the test specimen. 

Instruments used for measuring  RH  are capacitive sensors ( type TestoTerm) cali-
brated over saturated salt solutions. For further description concerning the calibra-
tion see section 4.1. Results of self-desiccation, after calibration, are presented in 
Appendix  C,  where the measured values are presented both graphically and in ta-
bles. 
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High performance concrete shows much lower relative humidity then normal con-
crete at the same age. This phenomena is mainly due to the shape of the desorption 
isotherm of HPC compared to the desorption isotherm for NPC discussed in 
chapter 4. Assuming there is a relation between evaporable water content and 
shrinkage, the shrinkage-humidity-curves can be employed to represent approxi-
mate sorption curves. Figure 5.1 shows shrinkage for sealed specimens as a func-
tion of self-desiccation indicating the shape of the desorption isotherms for HPC 
and NPC. 
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Figure 5.1: Self-desiccation vs. shrinkage at sealed conditions indicating the 
first desorption isotherm for concrete mixtures HPC 1 - 11 and 
NPC 1 -4. 

The time scale of both self-desiccation and shrinkage measurements have been 
recalculated, which is further described in section 5.2.2. 
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Laboratory tests of self-desiccation and shrinkage under sealed conditions 

5.2.1 Desiccation for specimens at different storage environment 
Relative humidity measurements on high performance concrete show very little 
difference between specimens stored in water and sealed samples. Figure 5.2 can 
be used as an indication of how dense high performance concrete is. The ambient 
air at the duration of the test for the drying specimens have been approximately 
45% ± 5%  RH  in the climate room. 

The  RH  have been measured in the core of the specimen and as can be seen there 
is practically no difference in measured humidity for water stored specimen and 
sealed sample. For specimen sealed on four sides and exposed to one-dimensional 
drying have nearly the same desiccation as the sealed sample, see Figure 5.2. 

Comparing result of shrinkage measurements in Figure 5.3 with the result of re-
corded  RH  profiles, see Figure 5.4, indicates moisture gradients in the surface 
zone of the specimen. In the surface zone the  RH  will decrease fast, trying to reach 
hygral equilibrium with the environment. 

0 56 112 168 224 
Time after casting, days 

Figure 5.2: Relative humidity for 
specimens stored in 
water, drying and 
sealed. 
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Figure 5.3: Measured shrinkage 
for different storage 
environments of the 
test specimens. 

The specimen stored in water shows decrease of  RH  in the central part with nearly 
the same rate of moisture loss as the specimens either sealed or stored in ambient 
air at early ages. As can be seen in Figure 5.3 at the same time as the humidity 
continues to decrease in the water stored specimen the measured strain starts to 
show swelling after about 60 days of water storage. 
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Pilot measurements of relative humidity in the core and half way between the core 
and the surface show the same levels of humidity up to at least 28 days after cast-
ing, see Figure 5.4. After 96 days the relative humidity in the core of the specimen 
is on the same level both for drying and sealed conditions. At the distance 25 mm 
from the surface lower  RH  have been measured after 90 days for specimen stored 
in air. The ambient humidity at the time for measuring was about 45% ± 5%  RH.  
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Figure 5.4: Relative humidity profile for sealed and drying specimen of con-
crete HPC 1. 

5.2.2 Evaluation of shrinkage under sealed conditions 
The shrinkage of young hardening concrete competes with thermal expansion the 
first hours after casting, see Figure 5.5. When measuring the shrinkage it is inevi-
table to register only the deformation (shrinkage) using the measuring technique 
described in section 5.2. It is also found necessary to record the temperature 
changes in the hardening concrete when shrinkage under sealed conditions is 
measured. For a test specimen with 100  x  100 mm2  size in this study, the tem-
perature rise have been about 3 to 5  °C,  see Figure 5.6 - high performance con-
crete - and Figure 5.7 - normal strength concrete. In Figure 5.5 the consequence of 
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the temperature rise, a swelling of the test specimen, can be noticed directly after 
the measurements have started. 

For correction of this temperature rise the thermal strain during the expansion 
phase, assumed to be 101.1m/m  °C,  have to be excluded from the shrinkage meas-
urements. This may be done as the temperature rise is known, and then it is possi-
ble to obtain the pure self-desiccation strain. The temperature rise for the mixtures 
is presented in Appendix  E.  The thermal strains represent a significant portion of 
the measured strains. It is necessary to exclude the thermal strain to obtain the true 
self-desiccation strain. The measured strain can be expressed as  

E  tot = ET + ESH  ( 5:2) 

where Etot 
	= measured strain, prnim 

ET 
	= thermal strain, pm/m 

ESH 
	= true self-desiccation shrinkage, pm/m. 

If the shrinkage taken from separate tests is assumed to be ruled by the equivalent 
time of maturity, the values of esH  can be estimated at any temperature time devel-
opment. From the measured or calculated temperature development the thermal 
strain is estimated by  

E  7- = AT • aE 	 ( 5:3) 

where ET 	= thermal strain, µm/rn 

AT 	= temperature difference in specimen,  °C  

aE 	= thermal expansion coefficient, minim. 
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Figure 5.5: Measured shrinkage in test specimen for HPC 7. Note the influ-
ence of temperature rise in the measurement during hydration. 

5.2.3 Temperature rise in test specimen 

With recorded temperatures, when performing humidity and shrinkage measure-
ments the temperature deformation can be estimated according to Eq. (5:3). The 
temperature distribution can also be calculated with for instance  HETT Jonasson  
(1994) if knowledge of the thermal properties of the concrete exists. The thermal 
properties, see Table 5.3, used in this thesis have been presented in  Westman  
(1995) and Ekerfors (1995). For new mixes an evaluation accordingly to Ekerfors 
(1995) have been done and the binder content,  B,  for the mixtures are presented in 
Table 5.3 as  C,,  with calculations based on 2350 kg/m3  as density of the con-
crete. 

The thermal distribution in the test specimens have been calculated according to 
how each one of them has been handled from pouring the concrete into the mould 
until a few days after casting, see Figure 5.6 and Figure 5.7. The specimens have 
been demoulded as early as possible, which here means at time 8 to 20 hours after 
casting. The demoulding time is determined with respect to the stiffness of the 
concrete to avoid damaging the concrete at preparation of the test specimen. 
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Figure 5.6: Calculated and 
measured temperature 
rise of concrete 
specimen HPC 6. 
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Figure 5.7: Calculated and 
measured temperature 
rise of concrete 
specimen NPC 1. 

The generated heat of hydration is assumed to be proportional to the degree of re-
action of the cement which is described by Eq. (5:5). For normal strength concrete 
it is appropriate to use an estimated value for Qc,„ see  Jonasson  (1994), and to ex-
press the degree of hydration, a, by 

a = exp 	[141+ 
t  j  

  

 

( 5:4) 

  

  

where 24, Kr, and ti are fitting parameters and  teg  is equivalent time of maturity 
and expressed by  

teg  = i.  f3r.  139  • SA  dt +  A  teg  ( 5:5) 

where Ateg  = equivalent time of maturity at t = 0, s or  h  

The factor 13/- is the hardening rate factor depending on the concrete temperature, 
see Ekerfors (1995). gp  is the hardening rate factor depending on the humidity and 
has been examined by Powers (1948) for cement powder and by Norling-Mjörnell 

(1994) for cement paste and mortar without silica fume. IL and Ateg  are adjust-
ment factors to be used in different adjustments of the concrete mix, see  Jonasson  
(1994). Parameters used in Eq. (5:4) are presented in Table 5.3 together with pa- 

91 



rameters  describing generated heat during hydration according to  Westman  
(1995). 

Table 5.3: Thermal properties of HPC 1 - 11 and NPC 1 -4 

Mixture Äl, - IQ , 	- ti ,  h  W00, kJ/kg Ccorr 9 kg/m3 Note 

HPC 1 1.24 2.50 10.10 275 472 
HPC 2 3.03 2.94 6.04 275 523 
HPC 3 1.39 1.87 9.77 281 539 
HPC 4 3.05 3.00 6.06 250 528 
HPC 5 3.24 3.13 6.05 250 561 
HPC 6 1.08 2.29 10.03 250 561 
HPC 7 1.15 1.21 7.03 313 470 
HPC 8 1.77 2.30 4.29 261 480 
HPC 9 1.90 1.95 4.84 218 528 
HPC 10 
HPC 11 
NPC 1 1.77 1.51 4.59 325 420 
NPC 2 2.14 1.26 4.84 365 238 
NPC 3 0.60 1.38 14.80 290 451 
NPC 4 0.25 74.6 0.878 305 425 

* = not evaluated here. 

The reference conditions may be arbitrary chosen, but in practice it is well suitable 
to use 

Tref - fl  C  

Reference conditions at 9sat =  i  (saturated concrete) 

(ßA  = 1 and A  teg  = 0) 

( 5:6) 

which gives PT=134, = 1 at reference conditions. 

According to Powers (1948), Bazant and Najjar (1972),  Jonasson  (1977),  Jonas-
son  (1994), Norling-Mjörnell (1994) the relative humidity plays a dominant role in 
the hydration process. When the humidity rate factor is not taken into account ex-
plicitly, the temperature equivalent time of maturity ca be expressed as 

t 

teq = t20 =  i  ST  • )3 Adt ± A t20  
o 

( 5:7) 
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Laboratory tests of self-desiccation and shrinkage under sealed conditions 

The benefit of using Eq. (5:7) is that the humidity does not have to be known ex-
plicitly. 

The rate factor with respect to temperature is described by the Arrhenius equation 
for thermal activation (Freisleben Hansen and Pedersen (1977) and  Byfors  
(1980)). 

13 7- 

with T ref = 273 + 20°C, i.e. 20°C is chosen as reference temperature and the tem-
perature dependency on the activation temperature can be described  (Jonasson  
(1984)) by 

30  j K  3 
0 =  e  - 

ref (T +10 
( 5:9) 

The parameters 0„f  and K3  are empirical constants and values of these parameters 
in Eq. (5:10) are presented in Table 5.4. 

Table 5.4: Maturity parameters of HPC 1 - 11 and NPC 1 - 4 

Mixture Ore f,  , K Ic3 , 	- Note 
HPC 1 3540 0.422 
HPC 2 5090 0.317 
HPC 3 3620 0.054 
HPC 4 3680 0.215 
HPC 5 4900 0.180 
HPC 6 3770 0.419 
HPC 7 4160 0.648 
HPC 8 3210 0.400 
HPC 9 5400 0.480 ** 

HPC 10 5400 0.480 ** 

HPC 11 5400 0.480 ** 

NPC 1 3700 0.326 
NPC 2 4700 0.280 
NPC 3 5400 0.480 ** 

NPC 4 5400 0.480 

** = assumed values. 

By using the maturity concept and calculated temperature developments and as-
suming that shrinkage under sealed conditions could be uniquely expressed as a 
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function of equivalent time of maturity the time scale for measured values of 
sealed shrinkage can be recalculated with Eqs. (5:6) - ( 5:9). Similar assumptions 
are also done by Tazawa and Miyazawz (1996). Result of the recalculation of time 
to temperature equivalent time, teq, are presented for concrete HPC 1 - 11 and 
NPC 1 -4 in Appendix  D.  

5.3 	Evaluation of shrinkage under sealed conditions 

For high performance concrete the shrinkage under sealed conditions takes place 
in young age. The evaluation of sealed shrinkage in this thesis is described in two 
ways: 

1. Method 1 - Material phenomenological behaviour of shrinkage as a 
function of relative humidity 

2. Method 2 - Empirically modelling of shrinkage as a function of time. 

Both methods have been used for high performance concrete as well as for normal 
concretes. The difference between the used methods is the need of information 
about temperature, shrinkage and moisture conditions. In both cases temperature 
equivalent time is assumed to be ruling the time scale. 

5.3.1 Material phenomenological behaviour of shrinkage as a function of 
relative humidity 
Evaluation of the sealed shrinkage in relation to the measured decrease in relative 
humidity is a direct material phenomenological way of describing the shrinkage in 
this thesis. A more fundamental material based way would be to start out from the 
amount of chemical bounded water and by the shape of sorption isotherms calcu-
late the humidity changes. A significant part of the sealed shrinkage takes place 
while no humidity change can be detected by the use of  RH-sensors. This first part 
of the shrinkage is here phenomenological described as a linear function in time, 
see Eq. (5:10). The second part of the unrestrained shrinkage connected to meas-
ured self-desiccation is assumed to be proportional to the change in humidity, see 
Eq. (5:11). This way of modelling shrinkage has been reported by Alvaredo and 
Wittmann (1993). This behaviour of shrinkage is shown in Figure 5.8 and ex-
pressed as. 

(teq  —  t  eo) 
eSH = 	 E 1 

\L

# 

 SH  t 
# 

e0  
te o < tSH 	 ( 5:10) 
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£SH 
, 	9  = E 1 41-- 

sat 
J• E Aq, 

(P 
te  0 > tSH ( 5:11) 

where  teg 	= equivalent time, based on chosen reference temperature,  h 

te  o 	= equivalent time after casting for the first measurement,  h  

tSH 	= equivalent time from where shrinkage is proportional to  RH  de-
crease,  h 

Ej 	= self-desiccation shrinkage under sealed conditions, without for-
change of relative humidity, im/m  

(P 	= humidity, - or % 

9sat 	= humidity at saturation, - or % 

E39 	= shrinkage due to change in relative humidity, inn/m. 

0 	  

mal  

Humidity '1 

(Psat  

Figure 5.8: Hypothetical picture of unrestrained shrinkage behaviour related 
to relative humidity changes, see Eqs. (5:10) - (5:11). 

5.3.1.1 Results of evaluation - method 1 
The evaluation according to Eq. (5:10) for concrete HPC 7 is shown in Figure 5.9 

for  Ei  = -60 gm/m. By fitting a straight line from the first measurement (at  teg  = teo 
=13.73  h)  to where the shrinkage rate decreases and where the relative humidity 
still is at saturation (at  teg  = tSH = 91.62  h)  the first part of the measured shrinkage 
is captured. 
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Further, the second shrinkage part related to a change of relative humidity for con-

crete HPC 7 is here described by  E,=  -16001.1m/m in Eq, (5:12), see Figure 5.10. 

Oat is calculated to 0.986 with respect to the effect of alkali  (Jonasson  (1994)). 
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Figure 5.9: Evaluation of discrete times, tsH  and to  in Eq. (5:10), for shrink-
age under sealed conditions of concrete HPC 7. 
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Figure 5.10: Evaluation of shrinkage under sealed conditions for concrete 
HPC 7. 

Result from evaluation of concrete mixes HPC 1 - 11 and NPC 1 - 4 according to 
Eqs. (5:10) - (5:11) is presented in Figure 5.11 - Figure 5.22 and numerically val-
ues for parameters in Eqs. (5:10) and (5:11) are presented in Table 5.5. 
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Table 5.5: Evaluated parameters for shrinkage under sealed conditions, see 
Eqs. (5:10) and (5:11) 

Mixture tea  h  tsH,  h  E 1, Pinhn (Psat, - EA9  , pnon 

HPC 1 20.11 25.5 -50 0.982 -600 
HPC 2 26.96 77.2 -100 0.982 -450 
HPC 3 9.29 20.74 -130 0.982 -740 
HPC 4 13.55 33.65 -70 0.981 -600 
HPC 5 27.95 63.32 -110 0.981 -750 
HPC 6 12.46 19.09 -120 0.981 -700 
HPC 7 13.73 91.62 -60 0.986 -1600 
HPC 8 11.29 39.93 -60 0.981 -750 
HPC 9 25.10 4.00 0 0.971 -350 

HPC 10 13.20 38.16 -20 0.986 -800 
HPC 11 14.88 85.44 -55 0.978 -700 
NPC 1 20.56 25.71 -50 0.986 -900 
NPC 2 14.64 18.24 -15 0.991 -50 
NPC 3 18.00 130.0 -40 0.989 -2200 
NPC 4 15.60 135.0 -100 0.987 -1500 
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Figure 5.11: Shrinkage at sealed 
conditions evaluated ac-
cording to method 1 us-
ing Eqs. (5:10) and 
(5:11)for HPC 1 - 3. 
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Figure 5.12: Shrinkage evaluated 
according to method 1 
shown as function of 
equivalent time for 
HPC 1 -3. 
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Figure 5.13: Shrinkage at sealed 
conditions evaluated ac-
cording to method 1 us-
ing Eqs. (5:10) and 
(5:11) for HPC 4 -6.  
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Figure 5.14: Shrinkage evaluated 
according to method 1 
shown as function of 
equivalent time for 
HPC 4 - 6. 
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Figure 5.15 Shrinkage at sealed 
conditions evaluated ac-
cording to method 1 us-
ing Eqs. (5:10) and 
(5:11) for HPC 7 - 9. 
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Figure 5.16: Shrinkage evaluated 
according to method 1 
shown as function of 
equivalent time for 
HPC 7 - 9. 
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Figure 5.17: Shrinkage at sealed 
conditions evaluated ac-
cording to method 1 us-
ing Eqs. (5:10) and 
(5:11)for HPC 10- 11. 
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Figure 5.18: Shrinkage evaluated 
according to method 1 
shown as function of 
equivalent time for 
HPC 10 - 11. 
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Figure 5.19: Shrinkage at sealed 
conditions evaluated ac-
cording to method 1 us-
ing Eqs. (5:10) and 
(5:11)for NPC 1 - 2. 
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Figure 5.20: Shrinkage evaluated 
according to method 1 
shown as function of 
equivalent time for NPC 
1 - 2. 
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Figure 5.21: Shrinkage at sealed 
conditions evaluated 
according to method 1 
using Eqs. (5:10) and 
(5:11)for NPC 3 -4. 
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Figure 5.22: Shrinkage evaluated 
according to method 1 
shown as function of 
equivalent time for 
HPC 3 -4. 

5.3.2 Empirically modelling of shrinkage as a function of time 
When shrinkage on sealed specimens is measured there is not always measure-
ments of the self-desiccation done in parallel tests from the same batch of con-
crete. If this is the case, there is still a need to be able to express the shrinkage for 
subsequent stress analyses, see further chapter 6. 

The shrinkage as a function of time for membrane sealed concrete is mainly a con-
sequence of the self-desiccation, which is more pronounced for concrete mixtures 
with low water binder ratios and high binder contents, i.e. circumstances typical 
for HPC. Time dependence of the shrinkage is here chosen to be expressed in a 
similar way as may be used in describing the degree of reaction for hardening con-
crete by 

 

111SH 
[  °SH  
[ teq —  te 0  

 

ESN = Eref  • exp ( 5:12) 

  

where Eref 	= reference ultimate shrinkage,  µm/m  
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= empirical parameter representing the time when inclination of 
shrinkage changes in time,  h  

= equivalent time,  h  

= start time of measurements,  h  

lisH 	= empirical constant ruling the curvature, - 

By fitting Eq. (5:12), on the earlier studied example of concrete HPC 7, see Figure 

5.23. The evaluation gives parameters, from the first measurement (at  teg  = to)  

=13.73  h),  of ultimate shrinkage, e„f  ,to -210 Illn/m and the shrinkage rate starts 

to decrease at about, OsH, 100 hours. The empirical constant, list/ , is 0.37. 

• HPC 7 
Evaluation 

-400 	I 	I 	I 	1 	' 	1 	' 	1 	' 	1 	' 	1  
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Figure 5.23: Evaluated result of concrete HPC 7 according to Eq. (5:12). 

5.3.2.1 Results of evaluation - method 2 
After iteration with respect to the least square method of approximation to Eq. 
(5:12), using measured shrinkage data presented in Appendix  D,  the results are 
presented in Table 5.6 and Figure 5.24 - Figure 5.29. 
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Table 5.6: Evaluated parameters using method 2 for shrinkage under sealed 
conditions, see Eq. (5:12) 

Mixture tea  h E  „f, innim nsH, - esH ,  h  

HPC 1 20.11 -360 0.32 250 
HPC 2 26.96 -360 0.38 140 
HPC 3 9.29 -370 0.33 70 
HPC 4 13.55 -395 0.48 140 
HPC 5 27.95 -395 0.33 70 
HPC 6 12.46 -395 0.31 35 
HPC 7 13.73 -210 0.37 100 
HPC 8 11.29 -175 0.28 35 
HPC 9 23.60 -470 0.31 1600 
HPC 10 13.20 -170 0.33 220 
HPC 11 14.88 -260 0.33 290 
NPC 1 20.56 -230 0.35 150 
NPC 2 14.64 -90 0.76 500 
NPC 3 18.00 -220 0.35 100 
NPC 4 15.60 -220 0.31 500  

0 	400 	800 	1200 	1600 	2000 
Equivalent time, hours 

Figure 5.24: Shrinkage at sealed conditions evaluated according to method 2 
using Eq. (5:12) for concrete HPC 1 - 3. 
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Figure 5.25: Shrinkage at sealed conditions evaluated according to method 2 
using Eq. (5:12) for concrete HPC 4 - 6. 
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Figure 5.26: Shrinkage at sealed conditions evaluated according to method 2 
using Eq. (5:12) for concrete HPC 7- 9. 
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Figure 5.27: Shrinkage at sealed conditions evaluated according to method 2

using Eq. (5:12)for concrete HPC 10-11 
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Figure 5.28: Shrinkage at sealed conditions evaluated according to method 2

using Eq. (5:12)for concrete NPC 1 - 2.
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Figure 5.29: Shrinkage at sealed conditions evaluated according to method 2 
using Eq. (5:12) for concrete NPC 3 -4. 

5.3.3 Comments concerning the evaluation of shrinkage 
Shrinkage due to self-desiccation is a characteristic phenomenon for high per-
formance concrete which here is reflected for all studied HPC-mixtures. But, even 
for concrete with water cement ratio above 0.39 some shrinkage measured on 
sealed specimens has been obtained, see Figure 5.9 - Figure 5.22 and Figure 5.28 - 
Figure 5.29. For correct values of shrinkage under sealed conditions - if not iso-
thermal tests have been performed - adjustments have to be made for temperature 
rise in the test specimen. 

For all studied mixtures the evaluation of measured shrinkage starts from the ac-
tual time at the first possible individual measurement with the used test method. 
This means that there is some uncertainty in the shrinkage values at very early 
ages, and the consequence of this will be discussed later in chapter 6 

5.3.3.1 Method 1 
The main picture from the evaluation according to method 1 is that the shrinkage 
is described very well at early ages down to a relative humidity of about 70%. For 
lower humidities the shrinkage increases with respect to changes in the humidity, 
see Figure 5.13 and Figure 5.15. The reason for this is probably that the desorption 
isotherms begins to drop at this stage, see for instance Figure 4.8 (from Fagerlund 
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(1994)). So, one conclusion concerning method 1 is that it should be used mainly 
for prediction of sealed shrinkage at early ages. 

5.3.3.2 Method 2 
When using Eq, (5:12), no direct connection between the ultimate shrinkage and 
the water binder ratio has been found. One contributory reason for this may be the 
previous mentioned uncertainties of the shrinkage at very early ages. However, the 
parameter describing the curvature is in the region of 1/3 for most studied mix-
tures, see Table 5.6. 

Comparison between evaluated result for concrete HPC 2 and measured shrinkage 
from Dilger et al (1996) is shown in Figure 5.30, where it can be seen that the re-
sult for HPC 2 show good agreement with the measured data. Both concrete mix-
tures have the same water binder ratio but evaluated parameters are based on own 
measurements up to 28 days after casting. The calculation has been made for 
shrinkage starting 24 hours after casting. 

The evaluation of shrinkage using Eq. (5:12) seems to be able to predict long term 
sealed shrinkage from short term measurements, which could be used in the future 
to get fast information of sealed shrinkage based only on short term tests.  
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Figure 5.30: Calculated self-desiccation shrinkage compared with measure-
ments made by Dilger et al. wo/B = 0.30 parameters according to 
Table 5.6 of concrete HPC 2. 
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5.4 	Thermal deformation measurements of young concrete 

Measurements of deformations in young concrete specimens have been done for 
HPC 1 -4, 6 - 8 and NPC 1 and 4. The regulation of the temperature has been per-
formed with two methods: (1) "On and off' and (2) "Simulated temperature", see 
section 2.1.3. 

The first and simplest method has been used for HPC 1, 4, NPC 1 and 4. The used 
thermal and maturity properties for the use of the second method is presented in 
Table 5.3 and Table 5.4. 

Measured deformations and temperature regulation of the specimens are presented 
in Appendix F. 

Measurement of the deformations under temperature changes gives important in-
formation of the volume changes of the concrete due to hydration. For normal 
concrete (high wo/C) this behaviour is represented by two separate lines - one for 
the expansion phase and one for the contraction phase. Unfortunately this is not 
the case for high performance concrete which have a significant simultaneous 
shrinkage due to self-desiccation even at early ages. 

5.4.1 Evaluation of measured deformation under temperature development 
The true shrinkage measured on sealed specimens as evaluated by using Eq. (5:2) 
- ( 5:3), and the resulting shrinkage is then expressed by Eqs. (5:10) - (5:11) or Eq. 
(5:12). Temperature equivalent time is assumed to be ruling the shrinkage devel-
opment, which is the same assumption as in Tazawa et al (1994). One example of 
measured total deformation for concrete HPC 3  (B),  see Figure 5.34, is plotted 
together with measured shrinkage against equivalent time in Figure 5.31. 

Evaluating the total measured deformation without splitting of thermal and mois-
ture movements, i.e. to directly use the total deformation from tests, will give 
combined "sealed" coefficients, aE*  and ac*, representing the expansion phase 
and the contraction phase respectively. Note that these coefficients are structural 
related information for the specific case connected to the studied temperature-time 
curve. 
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Figure 5.31: Measured total deformation and sealed shrinkage for HPC 3  (B).  

By subtracting the sealed shrinkage from the measured total deformation the true 
thermal deformation is obtained, which is shown by the solid lines in Figure 5.33 - 
Figure 5.42. 

The expansion coefficient, aE, is represented by the inclination of the deformation, 
when the temperature is increasing, and the thermal contraction coefficient, etc, is 
represented in the same way when the temperature is decreasing. The evaluation 
has been performed from the latest start time, see Figure 5.32, of either the ther-
mal deformation test or the start time of the shrinkage measurements. The choice 
of start time for separation is that both types of deformation should be valid at the 
same time. 

Figure 5.32: Schematically picture of chosen start time for the separation of 
measured deformation. 

Measured deformations (bold dotted lines) as a function of the temperature 
changes are presented in Figure 5.33 - Figure 5.42 and the true thermal deforma-
tions of the mixes are represented with bold solid lines. The thin lines representing 

108 



_ 
- 

_ 400 
_ 
- 

300 
- 
_  

500 — _ 
_ 
_ 

D
e f

or
m

at
io

n,
  (

it
m

/m
)  

HPC 3 (A and  B)  

— Temp. deformation 
— — Mixed deformation 

Laboratory tests of self-desiccation and shrinkage under sealed conditions 

the evaluated deformation coefficients. Numerical values of the mixed deforma-
tion coefficients and the true thermal coefficient are presented in Table 5.7. 
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Figure 5.33: Free thermal expansion and contraction test of HPC 1. Thermal 
deformation test start 19 hours after casting. 
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Figure 5.34: Free thermal expansion and contraction test of HPC 3 (A and  B).  
Thermal deformation test start 9.5 hours after casting. 
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Figure 5.35: Free thermal expansion and contraction test of HPC 3  (C).  
Thermal deformation test start 336 hours after casting. 

Figure 5.36: Free thermal expansion and contraction test of HPC 4. Thermal 
deformation test start 20 hours after casting. 
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Figure 5.37: Free thermal expansion and contraction test of HPC 6. Thermal 
deformation test start 9 hours after casting. 
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Figure 5.38: Free thermal expansion and contraction test of HP  C  7. Thermal 
deformation test start 12 hours after casting. 
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Figure 5.39: Free thermal expansion and contraction test of HPC 8. Thermal 
deformation test start 8.5 hours after casting. 

Figure 5.40: Free thermal expansion and contraction test of NPC 1 (A). 
Thermal deformation test start 9 hours after casting. 
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Figure 5.41: Free thermal expansion and contraction test of NPC 1  (B  and  C).  
Thermal deformation test start 19 hours after casting. 

500 — _ 
_ 
_ 
_ 

300 — _ 
_ 
_ 

200 — _ 
_ 

NPC 4 (A and  B)  

— Temp. deformation 
— — Mixed deformation 

..., 

'..- ..... r 
..... 	

10 	20 	30 	40 	50 
Temperature change,  (°C)  

Figure 5.42: Free thermal expansion and contraction test of NPC 4 (A and  B).  

Thermal deformation test start 9 respectively 18 hours after cast-
ing. 
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Table 5.7: Result of evaluation of measured deformation with respect to mixed 
thermal coefficients (aE*  and ac*  ) and true thermal coefficients (aE 
and ac) 

Mixture  

Type  of  regula-  
tion  of  defor- 
mation test  

t start 9 
h  

E,  

µm/m  °C  
* E ac*  9 

µm/m  °C  
a,  

µm/m  °C  

ac*9  
µm/m  °C 

HPC  1 1* 19 8.6 7.9 10.9 7.2  
HPC  3 A 2** 9.5 8.1 10.5 11.9 7.7  
HPC  3 B 2 9.5 7.0 8.6 11.9 8.2  
HPC  3 C 2 336 11.6 8.1 11.8 7.8  
HPC  4 1 20 7.8 9.6 9.1 8.6  
HPC  6 2 9 7.5 10.1 11.7 8.3  
HPC  7 2 12 9.5 7.9 11.9 6.0  
HPC  8 2 8.5 8.7 9.3 12.5 8.3  

NPC  1 A 1 9 9.3 9.2 12.1 8.6  
NPC  1 B 1 19 8.5 8.3 10.3 7.6  
NPC  1 C 1 19 10.2 10.8 11.0 10.2  
NPC  4 A 1 9 8.7 8.6 10.2 8.2  
NPC  4 B 1 18 7.1 7.9 7.9 7.4  

* = "On and off' regulation; ** = Simulated structure 

5.4.2 Comments concerning the evaluation of thermal movement coefficients 

It is difficult to determine the mixed expansion- and contraction coefficient, aE*  
and ac*, with high accuracy, especially when the sealed shrinkage is very pro-
nounced, see for instance Figure 5.34 - Figure 5.36. 

For high performance concrete the self-desiccation effect can be observed as the 
specimen contracts even when the temperature still is rising which gives an image 
of drastic changes of the deformation coefficients during hydration. However, a 
slight age dependence of the coefficients may be observed both for high perform-
ance concrete as well as for normal strength concrete. 

When the deformation test is repeated with a second heating cycle on two weeks 
old specimen, the concrete shows more linear behaviour, see Figure 5.35. 

The thermal deformation coefficients obtained may not be pure material coeffi-
cients due to the way of regulating the temperature in water with direct contact 
with the test specimen which may cause moisture gradients in the concrete. For 
very high water cement ratios it may even be possible for the water to penetrate 
into the specimen so no moisture gradients will occur, but this could result in 
moisture swelling of the concrete. In the case of water cement or water binder  ra- 
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tios  below about 0.45, it may be possible for the water to flow only into the sur-
face layer but not through the whole specimen. If water is sucked into a certain 
depth, a local swelling of the specimen will occur. In this case a system property 
will be measured instead of an intended material property. If a system property is 
measured it may reflect how the pore structure looked at that particular moment. 
To be sure to measure material properties it would be recommended to perform 
deformation tests on sealed specimens in the future. 

For high performance concrete the cement paste matrix is assumed to be very 
dense so only the very outer region of the surface layer will be affected by this 
swelling. Hence, the gradient will not disturb the overall deformation and the re-
corded deformation is therefore affected only slightly. 

A swelling large enough causing gradients affecting the measurements or in ex-
treme cases an almost homogeneous swelling will lower the contraction coeffi-
cients. This may be the case for measurements of HPC 7 indicating much lower 
thermal contraction coefficient, ac, than all other here tested high performance 
concrete mixes. Similar behaviour have been reported by Ben  Amor  and Clement 
(1996) where thermal deformation measurements have been performed at various 
moisture states. 

The thermal expansion coefficients, aE, is quite stabile and is in the region of 
about 10 - 12  µm/m  °C  for both high performance concrete and normal strength 
concrete. The thermal contraction coefficients, ac, show levels about 7 - 9  µm/m  
°C  for both high performance concrete and normal strength concrete except for 
HPC 7 and the second test of NPC1. 
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6. 	THERMAL AND MOISTURE STRESSES IN YOUNG 

CONCRETE 

When using high performance concrete (HPC) the water cement ratio is becoming 
lower than for normal strength concrete (NSC), and for water cement ratios below 
about 0.40, self-desiccation results in a significant drop in the pore humidity even 
at early ages  (Jonasson,  Groth  and Hedlund, 1994). In contrast to the moisture flux 
self-desiccation is reflected all over the structure, and at restraint conditions this 
may be a significant contribution to the risk of early age cracking. 

Early age cracking estimation of stress development and field studies have earlier 
been investigated and reported by several authors, see for instance Torrenti et al 
(1994), Onken and Roståsy (1994), Eberhardt et al (1994), Mangold and Sprin-
genschmid (1994), Bernander and Emborg (1994), Hedlund et al (1994), Emborg 
and Bernander (1994),  Kompen  (1994) and Bjøntegaard et al (1996). 

Stresses in concrete can generally said be caused by restrained volume changes 
during hardening. HPC is usually based on high binder content and mixed with 
little water. This leads to low water to binder ratios and shrinkage at sealed condi-
tions has to be included in the stress analyses. Thus, the volume changes are not 
only ruled solely by the degree of restraint and the thermal volume changes. 

6.1 	Stresses in hardening concrete at 100% restraint 

The volume changes due to temperature will cause an expansion during tempera-
ture rise. At the same time the volume changes due to self-desiccation work in the 
opposite direction, i.e. reducing the volume while the temperature is increasing. 
During the cooling stage, the temperature and the self-desiccation shrinkage will 
co-operate and the rate of volume change will increase for HPC. This is also the 
case when normal strength concrete is used, but the self-desiccation shrinkage is 
usually very small and can normally be neglected. 

6.1.1 Cracking frame stresses 
The stress test frame described in section 2.1.6, and the obtained stress results are 
presented here. The temperature-time curve in all concrete specimens have been 
regulated according to alternative (2) representing a predicted mean temperature 
development of a 0.70m thick wall cast with respective mix. In Figure 6.1 the pre- 
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Figure 6.1: Predicted mean temperature development of a 0.70 m thick wall 
cast with different a) high performance concrete and  b)  normal 
strength concrete mixture. 

Obtained stress-time distribution in the stress test frame is for HPC 3, 6 - 8, shown 
Figure 6.2, and for NPC 1 in Figure 6.3. Due to higher heat generation by volume 
of high performance concrete the temperature rise will be more rapid, which also 
will result in a combined effect of higher strength development. 
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Figure 6.2: Measured stresses in relaxation tests for high petformance con-
crete at 100% restraint. 
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Figure 6.3: Measured stresses in relaxation tests for normal strength concrete 
at 100% restraint. 
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It can be seen from Figure 6.1 that the tested high performance concrete mixtures 
generate higher temperatures compared with the normal strength concrete mixes. 
However, the peak temperature is reached about the same time independent of the 
concrete mix. For HPC mixes the higher peak temperature results in a higher 
cooling rate compared with NPC mixes. 

Measured stresses for the high performance concrete are in the region of 4 MPa 
when the tensile failure occurs. For the normal strength concrete the tensile 
strength level is about 2.5 MPa for mix NPC 1 without tensile failure. All the ten-
sile failures obtained independent of the type of concrete occurred about 100 - 175 
hours after casting. 

6.2 	Modelling of stresses for completely restraint conditions 

6.2.1 Constitutive equation 
The  uniaxial  constitutive law for incremental calculations of stresses for young 
concrete at variable humidity and temperature can  (Jonasson,  1994 and 1996) be 
expressed by 

30-  = Etot '( 	— 3et:t) 
	

( 6:1) 
with 

E10, = E, • (1+ yd ) 	 ( 6:2) 
and 

Aeiot = Aere/ + A4))9+ A4 	 ( 6:3) 

where a 	= stress in the material, Pa  

E 	= the total strain 

A 	= denotes an increment during the actual time step 

Ec 	= fictitious elastic modulus for the time step including basic 

creep effects, Pa 

'Yd 	= incremental adjustment due to non-linear stress-strain 
behaviour 

Era 	= relaxation strain 
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Thermal and moisture stresses in young concrete  

e 	= nonelastic strain, including the stress-induced part, due to a  
(P  

change in humidity 

= nonelastic strain, including the stress-induced part, due to a 

change in temperature 

The structural condition for the stress-frame in section 1.1.6 is completely re-
straining, which means that a relaxation test is performed and the external defor-
mation is identically zero (Ac =-7. 0). For this case Eqs. (6:1) - (6:3) are reduced to 

ACrra = — Em • Acfot  ( 6:4) 

where are/ 	= relaxation stress associated with external restraint conditions, Pa 

For loading in tension the following virgin stress-strain curve is introduced 

a 	Em 	 a 
( 6:5) for 

fa 	Co 	 J Cl 

and 

a  e  
for 

a 
( 6:6) — =1— (1— act ) • exp[—  (---n  —act) I (1—  act) — > act 

fa co fct 

where fa 	= tensile strength, Pa 

Cm 	= material strain (= strain related to the stress level) 

act 	= relative stress level ( =a /f) at which non-linear stress-strain 
behaviour starts 

EO 	=fa /Ec = strain linearly related to the tensile strength 

The non-linear stress-strain adjustment factor is formally expressed by 

fa  
LI  —  e  —1  

d(-21) 
£0 

which for monotonic loading gives 

( 6:7) 
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I 	E- 
7d  = exp —  (-n  — act) I  (1  — act ) —1 for —a  > a and Ao-  > 0 ( 6:8) 

go 	 fa 	ct  

	

where  E. 	= the average material strain during the time step in question 

	

Ao- 	= stress increment during the time step in question, Pa 

The simplification of non-damage behaviour is here chosen for all other cases. 
When Eq. (6:8) is not valid this gives 

rd = ° 	 ( 6:9) 
The stress-strain outlined in Eqs. (6:5) - (6:9) is illustrated in Figure 6.4. 

a /fct 
/\  

,r -7---- i  

a — ct 

/f1 

/ 
/ 

/ 
/ 

0 	>  
0 
	

1 	emieo  

Figure 6.4: Non-linear stress-strain behaviour at tension, see Eqs. (6:5) - 
(6:9). 

The unrestrained movements in Eqs. (6:1) - (6:3) are here expressed as stress-
induced deformations according to Bazant and Chern (1985) as 

a 
AEI,  = Wee  (1+p •--- • Sign(A(p)) 

fct 
( 6:10) 

0- 
AEo  := AE free  • (1+ pg, • 

fc, 
• sign(4)) 	 ( 6:11)  (P 	(P  

where Agree  = unrestrained and stress-free thermal strain due to thermal changes 
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unrestrained and stress-free moisture strain due to humidity 9 
changes 

PT 
	= adjustment factor for stress-induced thermal strain 

P9 
	= adjustment factor for stress-induced moisture strain 

The change in relative humidity for simultaneous changes in evaporable water 
content can be expressed  (Jonasson,  1994) by 

dq) 
A9 = rig, • AT + 	• Awe 	 ( 6:12) 

where rii. 	= average hygrothermal coefficient during the time step in ques-

tion. 

In general, Eq. (6:12) is aimed to be used to determine the term sign(A9) in Eqs. 
(6:10) - (6:11). For the calculations here, i.e. for young concrete with a consider-
able temperature change and a change in evaporable water content only due to 
self-desiccation, an assumption that temperature changes dominate Eq. (6:13) is 
introduced  (Jonasson,  1996), which gives 

sign(4)= sign(AT) 	 ( 6:13) 

Note that Eq (6:13) is certainly true for calculations here at the temperature cool-
ing phase, as both AT and Awe  are less than zero at this stage. Another simplifi-

cation  (Jonasson,  1996) is that stress-induced deformations according to Eqs. 
(6:10) - (6:11) is not introduced until the concrete has reached an equivalent age 
of twelve hours. The reason for this is that at very early ages the micro-structure of 
the concrete is very weak, and the essential behaviour is probably caught by high 
creep values at this age, see  Westman  (1995). 

The calculated compressive strength for each concrete mix is based on a piece by 
piece linear function in the logarithm of time, see for instance  Jonasson  (1994). 
The tensile strength is then estimated in relation to the compressive strength as 

7 

f=f ret  • 

f  jfil  
i  cc  

ci 	i 
 

\f ret  C  

= tensile strength, Pa 

= compressive strength, Pa 

where fa 

fcc 

( 6:14) 
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= reference tensile strength, Pa 

= reference compressive strength, Pa 

= exponent 

In Eq. (6:14) f cref  can be chosen in advance (say  ff  =10 MPa). Then f1ref  is 

the tensile strength at that chosen reference compressive strength, and the pa-
rameter if31  expresses the curvature of the relationship. 

6.2.2 Linear and non-linear calculations 
The use of Eqs. (6:1) - (6:3) with the following parameters are here called 

linear calculations: 	7d= PT = 139 = 0 

and the use of the following parameters are here called 

non-linear calculations: 	yd  according to Eqs. (6:8) - (6:9), 

PT # 0 and p,p  # 0 . 

Note that to be able to use yd  according to Eqs. (6:8) - (6:9) in the non-linear cal- 

culations the parameters of Eq. (6:14) must be know to estimate the tensile 
strength. 

The aim of the calculations of stresses in this thesis is to check whether the tested 
concrete mixtures need to be adjusted for non-linear analysis to be able to in a 
satisfactory way simulate the measured stresses from the relaxation tests. 

6.3 	Calculation of stresses - compared to measured stresses 

Developed stresses have here been calculated in four methods: 

1. based on or; and occ.*  solely 

2. based on ecE  and occ  and esH according to Eqs. (5:10) - (5:11) 

3. based on aE  and ac  and EsH according to Eq. (5:12) 

4. based on aE  and occ  and measured esH 

for all concrete mixes studied in the relaxation tests. The first method is only pos-
sible to use for the same structure with exactly the same temperature development 
as was used in the thermal deformation tests, as the modified thermal coefficients 

J t
ref 

f c"f  

ßl 
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Thermal and moisture stresses in young concrete 

represent both temperature deformation and sealed shrinkage. The other three 
ways, where the modelling have been done separately for the thermal deformation 
and the sealed shrinkage, are basically the same. All methods are taking self desic-
cation into consideration in some way. Resulting calculated stresses based on all 
four methods to describe the free movements are shown in Figure 6.6 - Figure 
6.10 together with the measured stresses in the stress frame. All calculations pre-
sented in these figures are non-linear with respect to the constitutive equation ( 
Eqs. (6:1) - (6:3)) 

For calculations of concrete HPC 7 the pure thermal deformation coefficient have 
been evaluated to 6.0 tim/m, see Table 5.7. This value is probably to low, as all 
other contraction coefficients are in the region of 7 - 9 minim, and a contraction 
coefficient of 8.5 gm/m have instead been used in the calculations. The choice of 
this new value is based on comparison of measured stresses and non-linear calcu-
lations, see Figure 6.5. 

0 
	

2 	 4 
	

6 
	

8 
Time, days 

Figure 6.5: Thermal contraction coefficients for concrete HPC 7. ac = 6.0  
µmim  evaluated from deformation test and ac  = 8.5  µm/m  as as-
sumed value of thermal contraction. 
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Figure 6.6: Measured stresses during hydration and calculated stresses ac-
cording to method 1 - 4 for a 100% restrained structural member 
cast with concrete HPC 3. 
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Figure 6.7: Measured stresses during hydration and calculated stresses ac-
cording to method 1 - 4 for a 100% restrained structural member 
cast with concrete HPC 6. 
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Figure 6.8: Measured stresses during hydration and calculated stresses ac-
cording to method 1 - 4 for a 100% restrained structural member 
cast with concrete HPC 7. 
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Figure 6.9: Measured stresses during hydration and calculated stresses ac-
cording to method 1 - 4 for a 100% restrained structural member 
cast with concrete HPC 8. 
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Figure 6.10: Measured stresses during hydration and calculated stresses ac-
cording to method 1 - 4 for a 100% restrained structural member 
cast with concrete NPC 1. 

6.3.1 Comments to non-linear calculations 
The stress development in high performance concrete shows early tensile stresses 
during the first 4 - 12 hours after casting, see Figure 6.6, Figure 6.7 and Figure 
6.9. The measured tensile stress is in the level of 0.25 - 0.50 MPa during this very 
early age. In the tests this early tensile stress have not been observed for water 
binder rations above 0.35. 

From the measured stresses it is seen that a tensile strength of high performance 
concrete has reached a level of 4 MPa and the tested normal strength concrete 
mixture the tensile strength has reached at least 2.5 MPa, see Figure 6.10. 

The high performance concrete mixtures tested here have gone to tensile failure in 
the range of three to six days after casting. In this period of time the peak tem-
perature, see Figure 6.1, have decreased about 15 - 25°C. In the stress test of HPC 
6 measured values may not be significant, as the measured stresses indicate regu-
lation difficulties of applied force, see section 2.1.6. It looks like the reinforce-
ment bars in the ends of the specimen have slipped during the contraction phase. 

The calculations of stresses show good agreement with the measured results and 
all four methods indicate the same behaviour of the concrete. For HPC 8 two tests 
have been performed and the calculated result agrees in the same order of sign 
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with both measurements. The normal strength mixture shows lower compression 
stresses than the high performance concrete mixes, partly as a result of a more 
moderate heat development, see Figure 6.1. 

Calculations based on method 3, shown in Figure 6.6 and Figure 6.7, some differ-
ence compared with the other used methods. The difference is a result of evalua-
tion of the sealed shrinkage-time behaviour, see Figure 5.23 and Figure 5.24, 
where evaluation of the sealed shrinkage have considered the long term shrinkage. 
For HPC 7, presented in Figure 6.8, the method based on combined thermal and 
moisture coefficients show very low tensile stress as no correction of the coeffi-
cients have been possible to perform. 

6.3.2 Sensitivity analysis of stress calculations 
In this study calculations have been made for the same simulated structure that 
have been used for temperature regulation of both thermal deformation tests and 
relaxation tests in the stress frame. All obtained result shows nearly the same be-
haviour not depending on what method that have been used. In this section a sim-
ple sensibility analysis of developed stresses in a 100% restrained specimen using 
two of the methods mentioned examining one high performance concrete is pre-
sented. 

Variation of the thermal coefficients, both during expansion and contraction, has 
been done with an increase and a decrease of 20% from the obtained original 
value, see Table 5.7. Further, the ultimate shrinkage value, 6„f.  has been de-
creased with 20% from the original evaluated value, see Table 5.6. For parameters 
obtained from more than one test the mean value has been used. 

Similar sensibility analyses have been reported  (Westman  (1995)) for other im-
portant factors concerning modelling of thermal stress analyses. 

Thermal deformation 

The thermal expansion coefficient, modelled according to method 1 and 3, will be 
examined with an increase and a decrease of 20%. The thermal contraction coeffi-
cient and parameters describing the sealed shrinkage will be held constant. 

If the thermal expansion coefficient is increased higher compressive stresses will 
be developed and tensile stresses will be time delayed, see Figure 6.11. Method 1, 
using thermal coefficients representing both thermal and moisture changes, is 
more sensitive to these variations than the use of method 3. The tensile stress rate 
is not affected as much, but it is delayed in time. 
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If the thermal expansion coefficient is decreased the compressive stress will be 
lowered, and the tensile stresses tend to develop earlier in time for method 3, but 
this is not the case for method 1 where the tensile stress development is delayed in 
time. 

Changes in the thermal contraction coefficient does not affect the compressive 
stress development, see Figure 6.12. A decrease of the thermal contraction coeffi-
cient will cause some time delay of tensile stress development and vice-verse. 

In comparison of the two examined methods the method using combined thermal 
and shrinkage coefficients (method 1) is more sensitive to changes of the thermal 
contraction coefficient. 

Method 1 shows more uncertainty in prediction if the contraction coefficient is 
varied. The same variation performed in method 3 shows less difference compared 
with original value. This uncertainty should be considered when stress calcula-
tions are based on combined thermal coefficients. Another point is that the coeffi-
cients used for method 1 can only be used for the same temperature development 
as they where tested for. 
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Figure 6.11: Effect on stress development using method 1 and 3 while in-
creasing or decreasing the thermal expansion coefficient with 20% 
from original value. 
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Figure 6.12: Effect on stress development using method 1 and 3 while in-
creasing or decreasing the thermal contraction coefficient with 
20% from original value. 

Shrinkage at sealed conditions 

When evaluating the sealed shrinkage it is not possible to use method 1, as the 
measured deformation is a combination of thermal and moisture movements. The 
ultimate shrinkage value for method 3 will be examined when the value will be 
changed ± 20% and 50%, respectively. For graphical presentation of the increase 
and decrease of the ultimate sealed shrinkage, see Figure 6.13. 
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Figure 6.13: Measured shrinkage with an increase and a decrease of 20670 and 
50%, respectively. 
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If the value of ultimate sealed shrinkage is increased the compressive stress will 
decrease slightly, and also the tensile stress will be higher than the original curve, 
see Figure 6.14. The time when the tensile stresses will occur in the concrete is 
earlier if the value of ultimate shrinkage is increased. 

If the value is reduced higher compressive stresses will occur and the tensile 
stresses will be delayed in time. 
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Figure 6.14: Calculated stresses for concrete HPC 8 with shrinkage increase 
and decrease of 20% and 50%, respectively. 

6.4 	Conmarison of linear and non-linear calculations 

The linear calculations shows to high compression stresses during temperature rise 
for the high performance concrete mixtures. The normal strength concrete mix 
(NPC 1) shows good agreement with the developed compression stress. The cal-
culations here are based on the same parameters as in section 6.3 with the excep-
tion of non-linear behaviour, see section 6.2.2. Results of the calculation can be 
seen in Figure 6.15 - Figure 6.19. 

For all calculations it is possible to model the first early age tensile stresses, meas-
ured in HPC 3, 6 and 8, with shrinkage. This way of modelling is further dis-
cussed in section 6.5. 
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Figure 6.15: Linear stress cal-
culation compared 
with non-linear be-
haviour for HPC 3. 
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Figure 6.17: Linear stress cal-
culation compared 
with non-linear be-
haviour for HPC 7. 

0 	2 	4 	6 	8 
Time, days 

Figure 6.16: Linear stress cal-
culation compared 
with non-linear be-
haviour for HPC 6. 
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Figure 6.18: Linear stress cal-
culation compared 
with non-linear be-
haviour for HPC 8. 
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Figure 6.19: Linear stress calculation compared with non-linear behaviour 
for NPC 1. 

6.5 	Discussion and conclusions 

One general conclusion from the calculations is that to be able to follow the meas-
ured stresses within ± 0.5 MPa at every time non-linear stress calculations have to 
be realised. 

High performance concrete shows early tensile stresses before the temperature rise 
has started. The tensile stresses can be seen in Figure 6.6 for instance. As men-
tioned in section 4.4 there is developing some kind of structure that can distribute 
stresses as early as four hours after casting. This is about the same time as these 
early stresses have been measured in the relaxation frame. 

Assuming the shrinkage is linear from the time, Teo , where the stress distributing 
structure starts to develop until the first shrinkage measurement have been re- 

corded at the time, tE0  , see Figure 6.20. The time for start of measured shrinkage 
varies in time for every concrete mixture, as the measurements are carried out 
manually. This starting time depends mainly on the early strength development of 
the concrete, which for instance is influenced by amount of admixtures 
(superplasticizers). 

For example, if concrete mixture HPC 3 is examined it can be seen that about 0.5 
MPa tensile stresses are developed in the concrete specimen with start of the ten-
sile stresses about four hours after casting. Using the hypotheses of linear shrink- 
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age at start and measured stresses expressed by Eq. (4:12) the total shrinkage can 
be expressed as 

 

( 

[ 	° SH  

teq 

 

EsH  =--- A Er  + eref  • eXp 

 

( 6:15) 

  

/ 

 

   

where  Aer  = additional shrinkage starting at very early age,  
µm/m  

Eref = reference ultimate shrinkage,  µm/m  

= empirical parameter representing the time when inclination of 

shrinkage changes in time,  h  

teg 	= equivalent time,  h  

t 	= start time of measurements,  h E  0 

= empirical constant ruling the curvature, - 

The very early additional shrinkage, AEI., is here chosen to be 120  µm/m  for HPC 
3. Probably, if the measurements of sealed shrinkage would have started four 
hours after casting instead of eight to ten hours this early age shrinkage would 
have been reflected in the measurements. 

Used values for description of this additional shrinkage are presented in Table 6.1. 
Other parameters are from Table 5.6. 

Table 6.1: Used values of additional shrinkage at very early age according to 
Eq. (6:15) 

Mixture Teo  ,h  AEI., ,um/m 

HPC 3 4.7 -120 

HPC 6 6.0 -150 

HPC 7 6.0 -60 

HPC 8 4.5 -250 

NPC 1 0 0 
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If a new calculation of developed stresses is performed under assumed additional 
very early shrinkage presented in Eq. (6:15) and Table 6.1, the result will be as 
shown in Figure 6.21 - Figure 6.24. As can be seen from these figures, the very 
early age tensile stresses can be simulated, but the effect on the rest of the calcu-
lated stress development is negligible. 
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Figure 6.20: Hypothetical picture of shrinkage behaviour at very early age. 
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Figure 6.21: Hypothetically stress calculation based on assumed size of self-
desiccation shrinkage from very early age for concrete mix HPC 3. 
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Figure 6.22: Hypothetically stress calculation based on assumed size of self-
desiccation shrinkage from very early age for concrete mix HPC 6. 
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Figure 6.23: Hypothetically stress calculation based on assumed size of self-
desiccation shrinkage from very early age for concrete mix HPC 7. 
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Figure 6.24: Hypothetically stress calculation based on assumed size of self-
desiccation shrinkage from very early age for concrete mix HPC 8. 
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Discussion 

7. DISCUSSION 

In this thesis, laboratory tests and non-linear modelling of stresses of the mechani-
cal behaviour for high performance concrete and normal strength concrete devel-
opment in early ages have been performed and discussed. From this study, the 
following conclusions may be drawn: 

If the measurements of shrinkage not are isothermally performed, correction of the 
measured strain due to temperature rise in the specimen have to be regarded. 

Shrinkage under sealed conditions may be assumed as a homogeneous deforma-
tion over the cross section. In the case of drying a homogeneous deformation can 
not be assumed as there will be moisture and shrinkage differences influencing the 
movements in the surface zone. 

In high performance concrete, under sealed conditions, a nearly uniform decrease 
of relative humidity due to self-desiccation has been observed. Measurements of 
drying indicates a uniform decrease in  RH,  like sealed conditions, up to 28 days 
after casting. 90 days after casting effects of drying have been measured. 

Different shrinkage and self-desiccation behaviour have been observed between 
different cement fabricates. 

Sealed shrinkage can be described with decrease of relative humidity by piece-
wise linear curves in the humidity level from saturation down to about 70%  RH  
(Method 1). Shrinkage under sealed conditions can also be described as a time de-
pendent deformation (Method 2). Using method 2 based on short term measure-
ments gives high level of accuracy for long term prediction of sealed shrinkage. 

For stress analysis in early age it may be more suited to base the evaluation of 
shrinkage determined on a shorter test period of time. 

In order to get correct values of ultimate shrinkage, measurements have to start as 
soon as a structure has developed, mentioned in chapter 4.4. An arbitrary start 
time of shrinkage measurements may indicate low values of ultimate shrinkage. 

Very early tensile stresses have been measured in high performance concrete be-
fore temperature rise have started. This implies that measurements of shrinkage in 
high performance concrete should preferable start as early as four hours after 
casting. 

It can be understood from the thermal expansion and contraction tests that shrink-
age must be considered. If not, the evaluated thermal expansion and contraction 
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coefficients will be representing both shrinkage and thermal movements. The 
combined coefficients may not be fit to use in other cases having another tem-
perature development then tested. Using unsealed specimens in thermal deforma-
tion tests may give disturbance in measured deformation. If the thermal deforma-
tion tests are performed in water swelling may affect the measured movements. 
This may have most influence on concrete mixes with a water binder ratio in the 
level of 0.40. Therefore, it is recommended to perform thermal deformation tests 
on sealed specimens. 

The measured movements recorded in thermal deformation tests can be separated 
into true thermal movements and pure shrinkage by assuming maturity time ruling 
free shrinkage under sealed. Then the principal of superposition may be applicable 
and a separation of the measured deformation can be performed. 

Results, evaluating accordingly this, show stable values of the thermal expansion 
coefficient in the level of 10 - 12 tirrilm'C and the evaluated thermal contraction 
coefficient indicates a level of 7 - 9 prn/m°C. This is in the same size of order as 
in Lövqvist (1946). 

Stress measurements performed for a fully restrained element in the relaxation 
testing frame show tensile failure of high performance concrete in the level of 4 
MPa about 100 - 175 hours after casting. For normal strength concrete the meas-
ured tensile stress have been in the level of 2.5 MPa without tensile failure. 

The stress development can be modelled with stress-induced deformations and 
non-linear behaviour. The shrinkage tend to reduce the thermal deformation dur-
ing temperature rise and lower compression stresses will develop. During the sub-
sequent cooling phase higher tensile stresses will develop in early age. This as 
both temperature and moisture volume changes will contract the structure. 

The performed sensibility analysis shows for a stress analysis that it is important 
to correctly model the deformation behaviour. Even if the used material model is 
correct, the obtained result may give totally wrong information in a stress analysis 
if it is implemented with incorrect data of thermal and moisture behaviour of the 
concrete. Therefore, great care should be used in the determination of deformation 
behaviour. 
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Appendix  B: 	DYNAMIC MEASUREMENTS OF 
YOUNG CONCRETE 

Measured resonance frequencies, see Figure B.1 and Table B.1, and calculated 
damping coefficients, see Figure B.2 and Table B.2, for concrete mixture HPC 6 
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Figure  B.]:  Measured resonance frequency for concrete HPC 6. 

HPC 6 	 HPC 6 

— Mean damping coefficient 	 Mean damping coefficient 

0 	12 	24 	36 	48 	 0 100 200 300 400 500 600 700 

	

Time after casting,  h 	 Time after casting,  h  

Figure B.2: Calculated damping coefficients for concrete HPC 6 first 48 
hours after cast and a full month. 
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Table B.1: Measured resonance frequencies, f, for specimen pl - p6 of con-
crete HPC 6 

Age 	Age pi p2 P3  P4  P5  p6 Mean  

h 	Days 75x76x250 75x75x249 76x75x250 75x75x250 75x76x249 75x76x249 

frequency frequency frequency frequency frequency frequency 

7 	0,29 1160 1040 1200 1200 1280 1280 1193,3 

8,5 	0,35 2200 2160 2320 2320 2320 2280 2266,7 

10,25 	0,43 2920 2880 2920 2960 3000 2960 2940,0 

12,25 	0,51 3360 3280 3320 3320 3400 3400 3346,7 

23,25 	0,97 3880 3840 3880 3840 3960 3960 3893,3 

27,25 	1,14 4000 3880 3960 3960 4040 4000 3973,3 

31,75 	1,32 4040 3960 4040 4000 4080 4040 4026,7 

50,25 	2,09 4120 4080 4120 4120 4160 4120 4120,0 

56,25 	2,34 4120 4080 4160 4160 4200 4160 4146,7 

72,25 	3,01 4160 4200 4160 4200 4120 4160 4166,7 

80,25 	3,34 4200 4120 4160 4200 4240 4200 4186,7 

102,25 4,26 4200 4160 4200 4240 4240 4200 4206,7 

151,25 	6,30 4200 4160 4200 4240 4280 4240 4220,0 

199,25 	8,30 4200 4160 4240 4240 4280 4240 4226,7 

247,25 10,30 4240 4160 4240 4240 4280 4240 4233,3 

341,25 14,22 4240 4160 4240 4240 4280 4240 4233,3 

678,25 28,26 4280 4200 4280 4280 4320 4240 4266,7 
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Table B.2: Calculated damping coefficients,  ri,  for specimen pl - p6 of con-
crete HPC 6 

Age 

h  

Age 

days 

Specimen: pl 

Damping 

p2 	P3 	p4 	P5 	p6 

Damping Damping Damping Damping Damping 

Mean Stdev  

7 0,29 0,1034 0,1154 0,0667 0,1333 0,1250 0,1563 0,1167 0,0277 

8,5 0,35 0,1818 0,1481 0,1379 0,0517 0,1207 0,1228 0,1272 0,0394 

10,25 0,43 0,0685 0,1250 0,1507 0,0541 0,1467 0,1351 0,1133 0,0380 

12,25 0,51 0,1548 0,0976 0,1024 0,0843 0,1176 0,1765 0,1222 0,0328 

23,25 0,97 0,0619 0,0938 0,0619 0,0833 0,0606 0,0707 0,0720 0,0125 

27,25 1,14 0,0800 0,0412 0,0505 0,0505 0,0792 0,0950 0,0661 0,0196 

31,75 1,32 0,0693 0,0707 0,1089 0,0700 0,0686 0,0693 0,0761 0,0147 

50,25 2,09 0,0874 0,0588 0,0680 0,0388 0,0865 0,0583 0,0663 0,0170 

56,25 2,34 0,1262 0,0686 0,0673 0,0673 0,0762 0,0769 0,0804 0,0209 

72,25 3,01 0,1058 0,0667 0,0673 0,0762 0,0680 0,0481 0,0720 0,0173 

80,25 3,34 0,0667 0,0583 0,0673 0,0667 0,0377 0,0667 0,0605 0,0107 

102,25 4,26 0,0667 0,0865 0,0571 0,0943 0,0472 0,0667 0,0698 0,0162 

151,25 6,30 0,0762 0,0673 0,0762 0,0849 0,0561 0,0755 0,0727 0,0090 

199,25 8,30 0,0476 0,0481 0,0566 0,0566 0,0467 0,0472 0,0505 0,0044 

247,25 10,30 0,0472 0,0288 0,0377 0,0472 0,0748 0,0472 0,0471 0,0141 

341,25 14,22 0,0318 0,0673 0,0472 0,0566 0,0654 0,0542 0,0538 0,0119 

678,25 28,26 0,0467 0,0762 0,0467 0,0654 0,0654 0,0566 0,0595 0,0107 
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Appendix  C: 	DATA OF SELF-DESICCATION 

Figure C.1 - Figure C.30 show measured values of the relative humidity, sealed 
specimens, for HPC 1 - 11 and NPC 1 - 4. The data is presented after calibration 
over saturated salt solution is evaluated. For each concrete mix the first week of 
measurements are shown and then the total time during which the measurements 
were performed. 

At the end of this Appendix the measured data are presented in Table C.1 - Table 
C.15. In the tables the time after casting (in hours and days) and equivalent time, 
teq, where all times have been possible to recalculated due to the temperature rise 
of the test specimen. In the tables the relative humidity is presented as  RH  (%) 
and 9 (-). 

The first values of humidity is not measured, thus it is based on the maximum 
value with respect to the alkali effect on the humidity (Hedenblad, Jantz (1994)) 
at 90% solubility, see  Jonasson  (1994). 
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Figure C.1: Measured relative humidity during first week after casting as a 
function of equivalent time for concrete HPC 1. 
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Figure C.2: Measured relative humidity during total length of measurements 
as a function of equivalent time for concrete HPC I. 
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Table C.1: Measured values of self-desiccation for HPC 1. 

Time (d) Time (h) teg  (h) 9 (-)  RH  (%) 

0 0 0,00 0,982 98,2 
0,79 18,96 20,11 0,982 98,2 
0,88 21,12 22,49 0,982 98,2 
0,92 22,08 23,51 0,982 98,2 

1 24 25,50 0,982 98,2 
1,71 41,04 43,01 0,975 97,5 
1,79 42,96 44,97 0,959 95,9 
1,92 46,08 48,16 0,954 95,4 
1,96 47,04 49,14 0,953 95,3 
2,04 48,96 51,10 0,951 95,1 
2,73 65,52 68,02 0,935 93,5 
2,79 66,96 69,48 0,935 93,5 
3,04 72,96 75,61 0,935 93,5 
6,71 161,04 165,71 0,903 90,3 
6,81 163,44 168,15 0,902 90,2 
6,96 167,04 171,83 0,899 89,9 
7,71 185,04 190,26 0,89 89 
8,71 209,04 214,82 0,876 87,6 
9,04 216,96 222,90 0,867 86,7 
9,71 233,04 239,36 0,865 86,5 
12,71 305,04 312,99 0,831 83,1 
14,71 353,04 362,08 0,824 82,4 
15,92 382,08 391,76 0,809 80,9 
16,83 403,92 414,09 0,801 80,1 
19,71 473,04 484,79 0,782 78,2 
22,93 550,32 561,02 0,78 78 
26,71 641,04 656,59 0,776 77,6 
28,73 689,52 706,14 0,774 77,4 
33,73 809,52 828,85 0,769 76,9 
37,79 906,96 928,50 0,765 76,5 
43,04 1032,96 1057,35 0,76 76 
50,75 1218 1246,56 0,753 75,3 
84,71 2033,04 2080,16 0,752 75,2 
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Figure C.3: Measured relative humidity during first week after casting as a 
function of equivalent time for concrete HPC 2. 
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Figure C.4: Measured relative humidity during total length of measurements 
as a function of equivalent time for concrete HPC 2. 
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Table C.2: Measured values of self-desiccation for HPC 2. 

Time (d) Time (h) teg  (h) 9 (-)  RH  (%) 

0 0,0 0,0 0,982 98,2 
1 24,0 27,0 0,982 98,2 

1,51 36,2 39,8 0,982 98,2 
1,55 37,2 40,8 0,982 98,2 
1,63 39,1 42,8 0,982 98,2 
1,82 43,7 47,5 0,982 98,2 
2,03 48,7 52,7 0,982 98,2 
2,51 60,2 64,6 0,982 98,2 
3,02 72,5 77,2 0,982 98,2 
3,53 84,7 89,8 0,977 97,7 
3,66 87,8 93,1 0,976 97,6 
3,98 95,5 101,0 0,974 97,4 
4,57 109,7 115,7 0,971 97,1 
4,91 117,8 124,1 0,964 96,4 
5,66 135,8 142,7 0,961 96,1 
5,81 139,4 146,4 0,955 95,5 
6,76 162,2 170,0 0,936 93,6 
8,56 205,4 214,6 0,9 90 
10,85 260,4 271,4 0,841 84,1 
13,51 324,2 337,3 0,782 78,2 
17,51 420,2 436,5 0,778 77,8 
20,56 493,4 512,1 0,768 76,8 
22,7 544,8 565,2 0,755 75,5 
27,7 664,8 689,1 0,743 74,3 
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Figure C.5: Measured relative humidity during first week after casting as a 
function of equivalent time for concrete HPC 3. 
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Figure C.6: Measured relative humidity during total length of measurements 
as a function of equivalent time for concrete HPC 3. 
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Table C.3: Measured values of self-desiccation for HPC 3. 

Time (d) Time (h) teg  (h) (/) (-)  RH  (%) 

0 0,0 0,0 0,982 98,2 
0,38 9,1 9,3 0,982 98,2 

0,41 9,8 10,1 0,982 98,2 

0,76 18,2 19,7 0,982 98,2 

0,8 19,2 20,7 0,981 98,1 

0,85 20,4 22,1 0,979 97,9 

0,94 22,6 24,4 0,979 97,9 

1,08 25,9 28,1 0,977 97,7 

1,77 42,5 45,5 0,976 97,6 

1,98 47,5 50,8 0,975 97,5 

2,81 67,4 71,5 0,974 97,4 

3,79 91,0 95,8 0,973 97,3 

6,81 163,4 170,4 0,947 94,7 

8,92 214,1 222,5 0,945 94,5 

13,75 330,0 341,8 0,917 91,7 

25,02 600,5 619,9 0,852 85,2 

31 744,0 767,4 0,814 81,4 

36,77 882,5 909,7 0,775 77,5 
51,77 1242,5 1278,1 0,768 76,8 
63,77 1530,5 1574,7 0,757 75,7 
78,77 1890,5 1944,4 0,753 75,3 
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Figure C.7: Measured relative humidity during first week after casting as a 
function of equivalent time for concrete HPC 4. 

1.00 --1. 

- 
0.95 -1-> 	

HPC 4
i  

: e  
0.90 

0.70 - 
_ 

x 0.65  -I. 	 x _ _ 
-  

0.60 	Hipiiiiiiini t iHril l inpiiiiiI i iii 0 11 1 11,,, I ,II I  

0 	336 672 1008 1344 1680 2016 2352 

teq,  (h)  

Figure C.8: Measured relative humidity during total length of measurements 
as a function of equivalent time for concrete HPC 4. 
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Table C.4: Measured values of self-desiccation for HPC 4. 

Time (d) Time (h) teg  (h) (-)  RH  (%) 

0 0.0 0.0 0.981 98.1 
0,55 13,2 13,6 0,981 98,1 
1,01 24,2 26,1 0,981 98,1 
1,16 27,8 29,9 0,981 98,1 
1,23 29,5 31,6 0,981 98,1 
1,26 30,2 32,4 0,981 98,1 
1,31 31,4 33,7 0,981 98,1 
2,28 54,7 57,4 0,957 95,7 
3,3 79,2 82,5 0,944 94,4 

3,97 95,3 98,9 0,938 93,8 
4,23 101,5 104,8 0,932 93,2 
4,98 119,5 123,7 0,909 90,9 
5,3 127,2 131,6 0,906 90,6 

5,99 143,8 148,5 0,897 89,7 
6,05 145,2 151,1 0,895 89,5 
7,97 191,3 197,2 0,856 85,6 
8,3 199,2 205,8 0,85 85 

10,97 263,3 270,8 0,806 80,6 
11,3 271,2 279,0 0,806 80,6 
11,97 287,3 295,4 0,806 80,6 
12,15 291,6 300,0 0,798 79,8 
13,18 316,3 325,0 0,747 74,7 
13,97 335,3 344,5 0,739 73,9 
15,26 366,2 376,1 0,726 72,6 
18,97 455,3 467,3 0,689 68,9 
19,97 479,3 491,9 0,679 67,9 
21,3 511,2 524,4 0,678 67,8 

21,97 527,3 542,1 0,676 67,6 
24,97 599,3 614,9 0,675 67,5 
26,97 647,3 663,6 0,674 67,4 
28,18 676,3 693,3 0,672 67,2 
29,09 698,2 715,9 0,671 67,1 
31,97 767,3 786,4 0,668 66,8 
35,19 844,6 865,8 0,667 66,7 
38,97 935,3 958,6 0,665 66,5 
40,99 983,8 1007,8 0,663 66,3 
45,99 1103,8 1131,3 0,662 66,2 
50,05 1201,2 1230,8 0,661 66,1 
55,3 1327,2 1359,7 0,66 66 
63,01 1512,2 1548,9 0,659 65,9 
96,97 2327,3 2336,3 0,642 64,2 

223,01 5352,2 5388.2 0,633 63,3 
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Figure C.9: Measured relative humidity during first week after casting as a 
function of equivalent time for concrete HPC 5. 
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Figure C.10: Measured relative humidity during total length of measure-
ments as a function of equivalent time for concrete HPC 5. 
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Table C.5: Measured values of self-desiccation for HPC 5. 

Time (d) Time (h) teg  (h) 9 (-)  RH  (%) 

0 0,0 0,0 0,981 98,1 
1,04 25,0 27,9 0,981 98,1 

1,15 27,6 30,7 0,98 98 

1,26 30,2 33,6 0,98 98 

1,32 31,7 34,9 0,979 97,9 

1,5 36,0 39,6 0,978 97,8 

2 48,0 52,0 0,978 97,8 

2,14 51,4 55,3 0,977 97,7 

2,24 53,8 57,9 0,976 97,6 

2,46 59,0 63,3 0,975 97,5 

3,05 73,2 77,9 0,975 97,5 

3,39 81,4 86,3 0,974 97,4 

4,14 99,4 103,9 0,966 96,6 

4,28 102,7 108,4 0,964 96,4 

5,24 125,8 132,1 0,958 95,8 

7,04 169,0 176,7 0,943 94,3 

9,33 223,9 233,6 0,934 93,4 

11,99 287,8 299,6 0,908 90,8 

15,99 383,8 398,5 0,866 86,6 

19,04 457,0 474,0 0,814 81,4 

21,18 508,3 526,8 0,786 78,6 

26,18 628,3 655,0 0,758 75,8 
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Table C.6: Measured values of self-desiccation for HPC 6. 

Time (d) Time (h) teg  (h) (P (-)  RH  (%) 

0 0,0 0,0 0,981 98,1 
0,5 12,0 12,5 0,981 98,1 

0,54 13,0 13,6 0,981 98,1 

0,6 14,4 15,5 0,981 98,1 

0,65 15,6 16,6 0,981 98,1 

0,74 17,8 19,1 0,981 98,1 

1,46 35,0 37,0 0,976 97,6 

1,53 36,7 38,7 0,975 97,5 

1,62 38,9 40,9 0,974 97,4 

1,73 41,5 43,6 0,973 97,3 

1,9 45,6 47,8 0,968 96,8 

2,47 59,3 61,8 0,959 95,9 

2,67 64,1 66,7 0,956 95,6 

2,79 67,0 69,7 0,954 95,4 

5,43 130,3 134,6 0,914 91,4 

5,71 137,0 141,4 0,91 91 
6,46 155,0 159,9 0,896 89,6 

6,79 163,0 167,9 0,893 89,3 

9,62 230,9 235,9 0,852 85,2 
13,42 322,1 326,1 0,806 80,6 
16,73 401,5 412,4 0,777 77,7 
42,96 1031,0 1056,8 0,758 75,8 
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Figure C.13: Measured relative humidity during first week after casting as a 
function of equivalent time for concrete HPC 7. 
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Figure C.14: Measured relative humidity during total length of measure-
ments as a function of equivalent time for concrete HPC 7. 
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Table C.7: Measured values of self-desiccation for HPC 7. 

Time  (d)  Time  (h) teg  (h)  (I)  (-) RH (%)  

0 0,0 0,0 0.986 98.6 
0,51 12,2 13,7 0.986 98.6 
0,55 13,2 14,8 0.986 98.6 
0,62 14,9 16,6 0.986 98.6 
0,67 16,1 18,0 0.986 98.6 
0,71 17,0 19,0 0.986 98.6 
0,76 18,2 20,2 0.986 98.6 
0,79 19,0 21,0 0.986 98.6 
0,83 19,9 22,0 0.986 98.6 
1,47 35,3 37,6 0.986 98.6 
1,56 37,4 39,8 0.986 98.6 
1,64 39,4 41,8 0.986 98.6 
1,72 41,3 43,8 0.986 98.6 
3,45 82,8 86,3 0.986 98.6 
3,56 85,4 88,9 0.986 98.6 
3,67 88,1 91,6 0.986 98.6 
3,78 90,7 94,3 0.98 98 
4,48 107,5 111,5 0.975 97.5 
4,57 109,7 113,7 0.974 97.4 
4,67 112,1 116,2 0.974 97.4 
4,76 114,2 118,2 0.974 97.4 
5,47 131,3 136,1 0.972 97.2 
5,56 133,4 136,9 0.972 97.2 
5,77 138,5 143,2 0.971 97.1 
6,48 155,5 160,8 0.971 97.1 
6,57 157,7 162,7 0.971 97.1 
6,66 159,8 165,2 0.971 97.1 
6,76 162,2 167,2 0.97 97 
10,73 257,5 265,2 0.966 96.6 
11,66 279,8 288,2 0.964 96.4 
12,68 304,3 313,2 0.964 96.4 
13,56 325,4 335,0 0.962 96.2 
14,47 347,3 357,4 0.962 96.2 
18,68 448,3 460,9 0.957 95.7 
21,61 518,6 533,0 0.956 95.6 
25,74 617,8 634,4 0.95 95 
28,48 683,5 703,7 0.94 94 
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Figure C.15: Measured relative humidity during first week after casting as a 
function of equivalent time for concrete HPC 8. 
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Figure C.16: Measured relative humidity during total length of measure-
ments as a function of equivalent time for concrete HPC 8. 
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Table C.8: Measured values of self-desiccation for HPC 8. 

Time (d) Time (h) teg  (h) (-)  RH  (%) 

0 0,0 0,0 0,981 98,1 
0,44 10,6 11,3 0,981 98,1 

0,46 11,0 11,9 0,981 98,1 

0,54 13,0 14,1 0,981 98,1 

0,65 15,6 16,9 0,981 98,1 
0,75 18,0 19,5 0,981 98,1 
1,4 33,6 35,5 0,981 98,1 

1,58 37,9 39,9 0,981 98,1 
1,73 41,5 43,6 0,975 97,5 
1,92 46,1 48,2 0,967 96,7 
2,85 68,4 71,0 0,962 96,2 
4,42 106,1 109,3 0,96 96 
4,75 114,0 117,4 0,96 96 
5,42 130,1 129,7 0,956 95,6 
5,82 139,7 143,5 0,954 95,4 
6,42 154,1 158,2 0,952 95,2 
7,44 178,6 183,6 0,943 94,3 
11,46 275,0 281,4 0,937 93,7 
14,9 357,6 348,2 0,931 93,1 
21,58 517,9 528,8 0,92 92 
32,75 786,0 801,8 0,906 90,6 
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Figure C.17: Measured relative humidity during first week after casting as a 
function of equivalent time for concrete HPC 9. 
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Figure C.18: Measured relative humidity during total length of measure-
ments as a function of equivalent time for concrete HPC 9. 
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Table C.9: Measured values of self-desiccation for HPC 9. 

Time (d) Time (h) teg  (h) q (-)  RH  (%) 

0 0,0 0,0 0,971 97,1 
0,92 22,1 22,1 0,941 94,1 

0,98 23,5 23,5 0,937 93,7 

1,67 40,1 40,1 0,894 89,4 

1,79 43,0 43,0 0,886 88,6 

1,88 45,1 45,1 0,881 88,1 

1,96 47,0 47,0 0,876 87,6 

2,71 65,0 65,0 0,85 85 

2,92 70,1 70,1 0,826 82,6 

3,04 73,0 73,0 0,826 82,6 

3,72 89,3 89,3 0,812 81,2 

3,81 91,4 91,4 0,812 81,2 

3,85 92,4 92,4 0,81 81 

4,21 101,0 101,0 0,806 80,6 

6,71 161,0 161,0 0,769 76,9 

7,02 168,5 168,5 0,768 76,8 

7,73 185,5 185,5 0,76 76 
8,71 209,0 209,0 0,737 73,7 
9,93 238,3 238,3 0,729 72,9 

13,71 329,0 329,0 0,702 70,2 

15,73 377,5 377,5 0,688 68,8 
20,73 497,5 497,5 0,663 66,3 
24,79 595,0 595,0 0,652 65,2 

30,04 721,0 721,0 0,643 64,3 

37,75 906,0 906,0 0,638 63,8 

65,83 1579,9 1579,9 0,638 63,8 
196,75 4722,0 4722,0 0,491 49,1 
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Figure C.19: Measured relative humidity during first week after casting as a 
function of equivalent time for concrete HPC 10. 
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Figure C.20: Measured relative humidity during total length of measure-
ments as a function of equivalent time for concrete HPC 10. 

178 



Appendix  C  

Table C.10: Measured values of self-desiccation for HPC 10. 

Time (d) Time (h) teg  (h) (/) (-)  RH  (%) 

0 0,0 0,0 0,986 98,6 
0,55 13,2 13,2 0,986 98,6 

0,58 13,9 13,9 0,986 98,6 
0,68 16,3 16,3 0,986 98,6 

0,71 17,0 17,0 0,986 98,6 
0,75 18,0 18,0 0,986 98,6 
0,79 19,0 19,0 0,986 98,6 
0,84 20,2 20,2 0,986 98,6 

0,88 21,1 21,1 0,986 98,6 
1,51 36,2 36,2 0,986 98,6 
1,59 38,2 38,2 0,982 98,2 
1,67 40,1 40,1 0,978 97,8 
1,75 42,0 42,0 0,975 97,5 
3,48 83,5 83,5 0,972 97,2 
3,6 86,4 86,4 0,968 96,8 

3,73 89,5 89,5 0,964 96,4 
3,82 91,7 91,7 0,961 96,1 
4,51 108,2 108,2 0,957 95,7 
4,61 110,6 110,6 0,957 95,7 
4,7 112,8 112,8 0,957 95,7 

4,79 115,0 115,0 0,955 95,5 
5,51 132,2 132,2 0,955 95,5 
5,59 134,2 134,2 0,955 95,5 
5,8 139,2 139,2 0,955 95,5 

6,51 156,2 156,2 0,955 95,5 
6,6 158,4 158,4 0,955 95,5 

6,69 160,6 160,6 0,955 95,5 
10,76 258,2 258,2 0,955 95,5 
11,7 280,8 280,8 0,942 94,2 
12,72 305,3 305,3 0,942 94,2 
13,59 326,2 326,2 0,937 93,7 
14,5 348,0 348,0 0,934 93,4 

18,71 449,0 449,0 0,934 93,4 
21,64 519,4 519,4 0,926 92,6 
25,77 618,5 618,5 0,915 91,5 
27,51 660,2 660,2 0,906 90,6 

179 



672 

1.00 

0.95 

0.90 

0.85 

a: 0.80 
d- 

0.75 

0.70 

0.65 

0.60 

0 336 
teq, (h) 

1.00 — 
_ 
- 
_ 

0.99 — 
- 

HPC 11  

x x x x 
_ 
_  

0.96 — 
_ 
- 
-  

x  

0.95 	i I i I i i 	i 	I 	i 	l i 	I i 	1 

0 24 48 72 96 120 144 168 
teq,  (h)  

Figure C.21: Measured relative humidity during first week after casting as a 
function of equivalent time for concrete HPC 11. 

Figure C.22: Measured relative humidity during total length of measure-
ments as a function of equivalent time for concrete HPC 11. 
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Table C.11: Measured values of self-desiccation for HPC 11. 

Time (d) Time (h) teg  (h) Ç (-)  RH  (%) 

0 0,0 0,0 0,978 97,8 
0,62 14,9 14,9 0,978 97,8 

0,65 15,6 15,6 0,978 97,8 

0,71 17,0 17,0 0,978 97,8 

0,75 18,0 18,0 0,978 97,8 

0,79 19,0 19,0 0,978 97,8 

1,5 36,0 36,0 0,978 97,8 

1,54 37,0 37,0 0,978 97,8 

1,59 38,2 38,2 0,978 97,8 

1,65 39,6 39,6 0,977 97,7 
1,75 42,0 42,0 0,976 97,6 

2,5 60,0 60,0 0,975 97,5 
2,67 64,1 64,1 0,973 97,3 
2,79 67,0 67,0 0,971 97,1 

3,56 85,4 85,4 0,97 97 
5,56 133,4 133,4 0,961 96,1 
7,67 184,1 184,1 0,955 95,5 
9,6 230,4 230,4 0,946 94,6 

12,68 304,3 304,3 0,937 93,7 
15,48 371,5 371,5 0,928 92,8 
20,77 498,5 498,5 0,91 91 
22,81 547,4 547,4 0,897 89,7 
27,83 667,9 667,9 0,879 87,9 

30,5 732,0 732,0 0,868 86,8 
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Figure C.23: Measured relative humidity during first week after casting as a 
function of equivalent time for concrete NPC 1.  (x)  specimen A 
and (o) specimen  B.  
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Figure C.24: Measured relative humidity during total length of measure-
ments as a function of equivalent time for concrete NPC 1.  (x)  
specimen A and (o) specimen  B.  
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Table C.12: Measured self-desiccation for NPC lA and NPC 1B. 

Appendix  C  

Time (d) Time (h) teg  (h) (f) (-)  RH  (%) 

0 0,0 0,0 0,986 98,6 
0,8 19,2 20,9 0,986 98,6 

0,95 22,8 23,8 0,986 98,6 
1,49 35,8 38,3 0,986 98,6 
1,59 38,2 40,9 0,986 98,6 
1,63 39,1 41,7 0,986 98,6 
1,71 41,0 43,6 0,986 98,6 
1,76 42,2 44,8 0,986 98,6 
1,78 42,7 46,2 0,986 98,6 
2,44 58,6 61,6 0,986 98,6 
2,49 59,8 62,9 0,985 98,5 
2,52 60,5 63,6 0,983 98,3 
2,57 61,7 64,8 0,982 98,2 
2,64 63,4 66,6 0,981 98,1 
2,74 65,8 69,0 0,980 98 
2,9 69,6 73,0 0,979 97,9 

3,52 84,5 88,3 0,979 97,9 
3,57 85,7 89,5 0,978 97,8 
6,69 160,6 166,5 0,963 96,3 
7,48 179,5 185,9 0,962 96,2 
8,48 203,5 210,6 0,953 95,3 
8,77 210,5 218,0 0,950 95 
9,48 227,5 235,3 0,941 94,1 
9,73 233,5 241,7 0,941 94,1 
10,48 251,5 260,0 0,939 93,9 
10,79 259,0 266,8 0,933 93,3 
12,75 306,0 315,8 0,928 92,8 
13,48 323,5 333,9 0,922 92,2 
14,51 348,2 359,3 0,920 92 
15,78 378,7 390,5 0,918 91,8 
17,72 425,3 438,4 0,912 91,2 
19,76 474,2 488,6 0,910 91 
20,72 497,3 512,3 0,900 90 
22,52 540,5 556,8 0,899 89,9 
24,81 595,4 613,6 0,893 89,3 
27,47 659,3 679,0 0,892 89,2 
31,47 755,3 777,4 0,891 89,1 
34,52 828,5 852,2 0,886 88,6 
36,66 879,8 905,1 0,880 88 

Time (d) Time (h) teq  (h) q) (-)  RH  (%) 

0 0,0 0,0 0,986 98,64 
0,78 18,7 20,6 0,986 98,64 
0,82 19,7 21,6 0,986 98,64 
0,88 21,1 23,0 0,986 98,64 
0,99 23,8 25,7 0,986 98,64 
1,69 40,6 43,1 0,986 98,6 
1,94 46,6 49,3 0,986 98,6 
2,03 48,7 51,5 0,981 98,1 
2,69 64,6 67,8 0,974 97,4 
3,78 90,7 94,7 0,968 96,8 
8,72 209,3 216,7 0,947 94,7 
9,03 216,7 224,5 0,946 94,6 
16,74 401,8 414,5 0,912 91,2 
23,74 569,8 587,1 0,903 90,3 
27,74 665,8 685,5 0,897 89,7 
29,97 719,3 740,6 0,888 88,8 
50,69 1216,6 1250,4 0,865 86,5 
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Figure C.25: Measured relative humidity during first week after casting as a 
function of equivalent time for concrete NPC 2. 
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Figure C.26: Measured relative humidity during total length of measure-
ments as a function of equivalent time for concrete NPC 2. 
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Table C.13: Measured values of self-desiccation for NPC 2. 

Time (d) Time (h) teg  (h) P (-)  RH  (%) 

0 0,0 0,0 0,991 99,1 
0,61 14,6 14,6 0,991 99,1 

0,67 16,1 16,1 0,991 99,1 

0,72 17,3 17,3 0,991 99,1 

0,76 18,2 18,2 0,991 99,1 

0,8 19,2 19,2 0,991 99,1 

0,84 20,2 20,2 0,991 99,1 

0,88 21,1 21,1 0,991 99,1 

1,52 36,5 36,5 0,991 99,1 

1,61 38,6 38,6 0,991 99,1 

1,69 40,6 40,6 0,991 99,1 

1,77 42,5 42,5 0,991 99,1 

3,5 84,0 84,0 0,991 99,1 

3,61 86,6 86,6 0,991 99,1 

3,72 89,3 89,3 0,991 99,1 

3,83 91,9 91,9 0,991 99,1 

4,53 108,7 108,7 0,991 99,1 

4,62 110,9 110,9 0,991 99,1 

4,72 113,3 113,3 0,991 99,1 

4,81 115,4 115,4 0,991 99,1 

5,52 132,5 132,5 0,991 99,1 

5,61 134,6 134,6 0,991 99,1 

5,82 139,7 139,7 0,991 99,1 

6,53 156,7 156,7 0,991 99,1 

6,61 158,6 158,6 0,991 99,1 

6,7 160,8 160,8 0,991 99,1 

6,81 163,4 163,4 0,991 99,1 

7,55 181,2 181,2 0,991 99,1 

10,78 258,7 258,7 0,991 99,1 

11,71 281,0 281,0 0,991 99,1 

12,73 305,5 305,5 0,991 99,1 

13,6 326,4 326,4 0,991 99,1 

14,51 348,2 348,2 0,991 99,1 

18,72 449,3 449,3 0,991 99,1 

21,65 519,6 519,6 0,991 99,1 

25,78 618,7 618,7 0,991 99,1 

28,53 684,7 684,7 0,991 99,1 
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Figure C.27: Measured relative humidity during first week after casting as a 
function of equivalent time for concrete NPC 4. 
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Figure C.28: Measured relative humidity during total length of measure-
ments as a function of equivalent time for concrete NPC 4. 

186 



Appendix  C  

Table C.14: Measured values of self-desiccation for NPC 3. 

Time (d) Time (h) teg  (h) 9 (-)  RH  (%) 

0,00 0,0 0,0 0,989 98,9 
0,75 18,0 18,0 0,989 98,9 
1,83 43,9 43,9 0,989 98,9 
5,23 125,5 125,5 0,98 98 
7,35 176,4 176,4 0,979 97,9 
9,19 220,6 220,6 0,977 97,7 
11,15 267,6 267,6 0,975 97,5 
13,85 332,4 332,4 0,97 97 
18,15 435,6 435,6 0,967 96,7 
21,98 527,5 527,5 0,966 96,6 
29,94 718,6 718,6 0,964 96,4 
38,06 913,4 913,4 0,963 96,3 
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Figure C.29: Measured relative humidity during first week after casting as a 
function of equivalent time for concrete NPC 4. 
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Figure C.30: Measured relative humidity during total length of measure-
ments as a function of equivalent time for concrete NPC 4. 
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Appendix  C  

Table C.15: Measured values of self-desiccation for NPC 4. 

Time (d) Time (h) teg  (h) q H  RH  (%) 

0,00 0,0 0,0 0,987 98,7 
0,58 13,9 15,6 0,987 98,7 

1,08 25,9 28,8 0,987 98,7 

1,42 34,1 37,3 0,987 98,7 

2,08 49,9 54,0 0,986 98,6 

3,04 73,0 78,0 0,983 98,3 

3,42 82,1 87,5 0,981 98,1 

5,29 127,0 135,0 0,979 97,9 

6,08 145,9 152,0 0,97 97 

8,17 196,1 208,0 0,963 96,3 

13,17 316,1 331,0 0,958 95,8 

20,12 482,9 505,0 0,956 95,6 

28,2 676.8 698.9 0.950 95.0 
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Appendix  D: 	DATA OF SHRINKAGE AT 
SEALED CONDITIONS 

Measured shrinkage at sealed conditions, 11 high performance concrete mixes 
and for four normal concrete mixes, are presented in this appendix. 

Result of shrinkage measured on sealed specimens are presented graphically, 
Figure D.1 - Figure D.30 as a function of equivalent time at 20°C. Measured val-
ues are and as tabulated shrinkage, time and equivalent time, see Table D.1 - 
Table D.15. 

For HPC 8, HPC 11 and NPC 1 are shrinkage measured on two separate speci-
mens made from the same mix of concrete. 
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Figure D.1: Measured shrinkage at sealed conditions during the first week 
after casting for HPC 1. 
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Figure D.2: Shrinkage at sealed conditions during total time of measure- 
ments as a function of equivalent time for HPC 1. 

192 



Appendix  D  

Table D.1: Measured shrinkage at sealed conditions for HPC 1. 

Time (d) Time (h) teg  (h) ESH (1111/111) 

0 0,0 0,0 0 
0,79 19,0 20,1 0 
0,88 21,1 22,5 -27 
0,92 22,1 23,5 -22,5 

1 24,0 25,5 -47 
1,71 41,0 43,0 -52 
1,79 43,0 45,0 -64,5 
1,92 46,1 48,2 -69,5 
1,96 47,0 49,1 -82 
2,04 49,0 51,1 -87 
2,73 65,5 68,0 -82 
2,79 67,0 69,5 -77 
3,04 73,0 75,6 -87 
6,71 161,0 165,7 -102 
6,81 163,4 168,2 -104,5 
6,96 167,0 171,8 -107 
7,71 185,0 190,3 -109,5 
8,71 209,0 214,8 -114,5 
9,04 217,0 222,9 -114,5 
9,71 233,0 239,4 -124,5 
12,71 305,0 313,0 -127 
14,71 353,0 362,1 -147 
15,92 382,1 391,8 -144,5 
16,83 403,9 414,1 -154,5 
19,71 473,0 484,8 -154,5 
22,93 550,3 561,0 -162 
26,71 641,0 656,6 -174,5 
28,73 689,5 706,1 -172 
33,73 809,5 828,9 -174,5 
37,79 907,0 928,5 -187 
43,04 1033,0 1057,4 -184,5 
50,75 1218,0 1246,6 -197 
84,71 2033,0 2080,2 -219,5 
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Figure D.3: Measured shrinkage at sealed conditions during the first week 
after casting for HPC 2. 
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Figure D.4: Shrinkage at sealed conditions during total time of measure- 
ments as a function of equivalent time for HPC 2. 
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Table D.2: Measured shrinkage at sealed conditions for HPC 2. 

Time (d) Time (h) teg  (h) EsH (iim/m)  

0 0,0 0,0 0 
1 24,0 27,0 0 

1,51 36,2 39,8 -30 
1,55 37,2 40,8 -37,5 
1,63 39,1 42,8 -48,75 
1,82 43,7 47,5 -55 
2,03 48,7 52,7 -57,5 
2,51 60,2 64,6 -68,75 
3,02 72,5 77,2 -65 
3,53 84,7 89,8 -77,5 
3,66 87,8 93,1 -87,5 
3,98 95,5 101,0 -92,5 
4,57 109,7 115,7 -90 
4,91 117,8 124,1 -112,5 
5,66 135,8 142,7 -107,5 
5,81 139,4 146,4 -117,5 
6,76 162,2 170,0 -125 
8,56 205,4 214,6 -137,5 
10,85 260,4 271,4 -142,5 
13,51 324,2 337,3 -167,5 
17,51 420,2 436,5 -180 
20,56 493,4 512,1 -195 
22,7 544,8 565,2 -202,5 
27,7 664,8 689,1 -210 
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Figure D.5: Measured shrinkage at sealed conditions during the first week 
after casting for HPC 3. 
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Figure D.6 Shrinkage at sealed conditions during total time of measurements 
as a function of equivalent time for HPC 3. 
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Table D.3: Measured shrinkage at sealed conditions for HPC 3. 

Time (d) Time (h) teg  (h) ESH (11111IM)  

0 0,0 0,0 0 
0,38 9,1 9,3 0 

0,41 9,8 10,1 -32,5 

0,76 18,2 19,7 -92,5 

0,8 19,2 20,7 -102,5 

0,85 20,4 22,1 -102,5 

0,94 22,6 24,4 -105 

1,08 25,9 28,1 -112,5 

1,77 42,5 45,5 -120 

1,98 47,5 50,8 -127,5 

2,81 67,4 71,5 -130 
3,79 91,0 95,8 -135 
6,81 163,4 170,4 -142,5 

8,92 214,1 222,5 -160 
13,75 330,0 341,8 -182,5 
25,02 600,5 619,9 -232,5 

31 744,0 767,4 -255 
36,77 882,5 909,7 -257,5 
51,77 1242,5 1278,1 -275 
63,77 1530,5 1574,7 -275 
78,77 1890,5 1944,4 -295 

197 



HPC 4 
-50  

-g' -100 
E 

-150 
a; 
00 

.1,2  -200 
• z-.9  
22 -250 

-350 

o  k) 

teq, (h)  

0 

0 —XX 
HPC 4  - 

 

  

   

- 

_ 
i -50 —  
E 

"........, 
_ 

ao 
cu 

,.b.d _ 
=  

-bo  — -= 
CID 	 _ 

- 

- 

_  

-  

X  
>0< x 

-150 I 	I 	1 	1 	' 	1 	' 	1 	1 	I 	1 	r 	1 

0 24 48 72 96 120 144 168 
teq,  (h)  

Figure D.7: Measured shrinkage at sealed conditions during the first week 
after casting for HPC 4. 

Figure D.8: Shrinkage at sealed conditions during total time of measure-
ments as a function of equivalent time for HPC 4. 
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Table D.4: Measured shrinkage at sealed conditions for HPC 4. 

Time (d) Time (h) teg  (h) 
ESH (P-MIM)  

0 0,0 0,0 0 
0,55 13,2 13,6 0 
1,01 24,2 26,1 -17 
1,16 27,8 29,9 -32 
1,23 29,5 31,6 -38,5 
1,26 30,2 32,4 -66,5 
1,31 31,4 33,7 -69,5 
2,28 54,7 57,4 -79,5 
3,3 79,2 82,5 -94,5 

3,97 95,3 98,9 -99,5 
4,23 101,5 104,8 -99,5 
4,98 119,5 123,7 -104,5 
5,3 127,2 131,6 -119,5 

5,99 143,8 148,5 -124,5 
6,05 145,2 151,1 -132 
7,97 191,3 197,2 -144,5 
8,3 199,2 205,8 -144,5 

10,97 263,3 270,8 -159,5 
11,3 271,2 279,0 -157 
11,97 287,3 295,4 -162 
12,15 291,6 300,0 -169,5 
13,18 316,3 325,0 -174,5 
13,97 335,3 344,5 -192 
15,26 366,2 376,1 -207 
18,97 455,3 467,3 -217 
19,97 479,3 491,9 -194,5 
21,3 511,2 524,4 -217 

21,97 527,3 542,1 -214,5 
24,97 599,3 614,9 -219,5 
26,97 647,3 663,6 -239,5 
28,18 676,3 693,3 -247 
29,09 698,2 715,9 -257 
31,97 767,3 786,4 -252 
35,19 844,6 865,8 -262 
38,97 935,3 958,6 -267 
40,99 983,8 1007,8 -269,5 
45,99 1103,8 1131,3 -272 
50,05 1201,2 1230,8 -287 
55,3 1327,2 1359,7 -282 

63,01 1512,2 1548,9 -289,5 
96,97 2327,3 2336,3 -304,5 

223,01 5352,2 5388,2 -329,5 
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Figure D.9: Measured shrinkage at sealed conditions during the first week 
after casting for HPC 5. 
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Figure D.10: Shrinkage at sealed conditions during total time of measure-
ments as a function of equivalent time for HPC 5. 
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Table D.5: Measured shrinkage at sealed conditions for HPC 5. 

Time (d) Time (h) teq  (h) ESH (i11111M)  

0 0,0 0,0 0 
1,04 25,0 27,9 0 
1,15 27,6 30,7 0 
1,26 30,2 33,6 -55 
1,32 31,7 34,9 -67,5 
1,5 36,0 39,6 -67,5 
2 48,0 52,0 -85 

2,14 51,4 55,3 -95 
2,24 53,8 57,9 -85 
2,46 59,0 63,3 -105 
3,05 73,2 77,9 -107,5 
3,39 81,4 86,3 -115 
4,14 99,4 103,9 -117,5 
4,28 102,7 108,4 -125 
5,24 125,8 132,1 -142,5 
7,04 169,0 176,7 -162,5 
9,33 223,9 233,6 -172,5 
11,99 287,8 299,6 -197,5 
15,99 383,8 398,5 -227,5 
19,04 457,0 474,0 -232,5 
21,18 508,3 526,8 -232,5 
26,18 628,3 655,0 -257,5 

201 



Xx< 
X 

0 

-50  

g -100 
E 

-150 

-300 

-350 

HPC 6  
0 —x 

-50 —  
E 
E 
2. 

°S -100 

.S4 

-150 — _  

x  

X X  
-200  

0 24 48 72 96 120 144 168 
tech  (h)  

Figure D.11: Measured shrinkage at sealed conditions during the first week 
after casting for HPC 6. 
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Figure D.12: Shrinkage at sealed conditions during total time of measure-
ments as a function of equivalent time for HPC 6. 
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Table D.6: Measured shrinkage at sealed conditions for HPC 6. 

Time (d) Time (h) teq  (h) esH (iinilin)  

0 0,0 0,0 0 
0,5 12,0 12,5 0 

0,54 13,0 13,6 -93 

0,6 14,4 15,5 -118,5 

0,65 15,6 16,6 -114 

0,74 17,8 19,1 -121,5 

1,46 35,0 37,0 -120,5 

1,53 36,7 38,7 -122,5 

1,62 38,9 40,9 -130 

1,73 41,5 43,6 -127,5 

1,9 45,6 47,8 -132,5 

2,47 59,3 61,8 -147,5 

2,67 64,1 66,7 -150 

2,79 67,0 69,7 -150 

5,43 130,3 134,6 -162,5 

5,71 137,0 141,4 -187,5 

6,46 155,0 159,9 -185 

6,79 163,0 167,9 -197,5 

9,62 230,9 235,9 -205 

13,42 322,1 326,1 -215 

16,73 401,5 412,4 -235 

42,96 1031,0 1056,8 -280 
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Figure D.13: Measured shrinkage at sealed conditions during the first week 
after casting for HPC 7. 
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Figure D.14: Shrinkage at sealed conditions during total time of measure-
ments as a function of equivalent time for HPC 7. 
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Table D.7: Measured shrinkage at sealed conditions for HPC 7. 

Time (d) Time (h) te  (h) 
ESII ( 1111111-1) 

0 0,0 0,0 0 
0,51 12,2 13,7 0 
0,55 13,2 14,8 -22 

0,62 14,9 16,6 -16,5 
0,67 16,1 18,0 -20 
0,71 17,0 19,0 -24 
0,76 18,2 20,2 -22 
0,79 19,0 21,0 -27 
0,83 19,9 22,0 -25 
1,47 35,3 37,6 -20 
1,56 37,4 39,8 -22,5 
1,64 39,4 41,8 -25 
1,72 41,3 43,8 -27,5 
3,45 82,8 86,3 -62,5 
3,56 85,4 88,9 -67,5 
3,67 88,1 91,6 -70 
3,78 90,7 94,3 -65 
4,48 107,5 111,5 -67,5 
4,57 109,7 113,7 -70 
4,67 112,1 116,2 -75 
4,76 114,2 118,2 -62,5 
5,47 131,3 136,1 -70 
5,56 133,4 136,9 -77,5 
5,77 138,5 143,2 -82,5 
6,48 155,5 160,8 -80 
6,57 157,7 162,7 -82,5 
6,66 159,8 165,2 -90 
6,76 162,2 167,2 -90 
10,73 257,5 265,2 -107,5 
11,66 279,8 288,2 -105 
12,68 304,3 313,2 -107,5 
13,56 325,4 335,0 -107,5 
14,47 347,3 357,4 -112,5 
18,68 448,3 460,9 -125 
21,61 518,6 533,0 -122,5 
25,74 617,8 634,4 -117,5 
28,48 683,5 703,7 -130 
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Figure D.15: Measured shrinkage at sealed conditions during the first week 
after casting for HPC 8.  (x)  specimen A and (o) specimen  B.  
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Figure D.16: Shrinkage at sealed conditions during total time of measure-
ments as a function of equivalent time for HPC 8.  (x)  specimen A 
and (o) specimen  B.  
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Table D.8: Measured shrinkage at sealed conditions for HPC 8A and HPC 8B. 

Time (d) Time (h) teg  (h) EsH 

(innim) 
esH 

(nnim) 

0 0,0 0,0 0 0 
0,44 10,6 11,3 0 0 
0,46 11,0 11,9 -15 -10 
0,54 13,0 14,1 -12,5 -10 
0,65 15,6 16,9 -30 -17,5 
0,75 18,0 19,5 -30 -22,5 
1,4 33,6 35,5 -55 -37,5 

1,58 37,9 39,9 -55 -40 
1,73 41,5 43,6 -60 -47,5 
1,92 46,1 48,2 -57,5 -60 
2,85 68,4 71,0 -75 -70 
4,42 106,1 109,3 -85 -77,5 
4,75 114,0 117,4 -85 -75 
5,42 130,1 129,7 -92,5 -77,5 
5,82 139,7 143,5 -90 -77,5 
6,42 154,1 158,2 -92,5 -77,5 
7,44 178,6 183,6 -92,5 -77,5 

11,46 275,0 281,4 -102,5 -85 
14,9 357,6 348,2 -100 -87,5 
21,58 517,9 528,8 -105 -92,5 
32,75 786,0 801,8 -115 -100 
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Figure D.17: Measured shrinkage at sealed conditions during the first week 
after casting for HPC 9. 
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Figure D.18: Shrinkage at sealed conditions during total time of measure-
ments as a function of equivalent time for HPC 9. 
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Table D.9: Measured shrinkage at sealed conditions for HPC 9. 

Time (d) Time (h) teq  (h) ESH (111111111) 

0 0,0 0 0 
0,92 22,1 23.6 0 
0,98 23,5 25.1 -18 
1,67 40,1 41.9 -28 
1,79 43,0 44.9 -30 
1,88 45,1 47.1 -35 
1,96 47,0 49.1 -35 
2,71 65,0 67.4 -35.5 
2,92 70,1 72.5 -35.5 
3,04 73,0 75.5 -35.5 
3,72 89,3 92.2 -43 
3,81 91,4 94.4 -40.5 
3,85 92,4 95.5 -45.5 
4,21 101,0 104.2 -40.5 
6,71 161,0 165 -55.5 
7,02 168,5 172.5 -55.5 
7,73 185,5 189.2 -63 
8,71 209,0 215.3 -65.5 
9,93 238,3 244.1 -68 

13,71 329,0 336.9 -83 
15,73 377,5 386 -88 
20,73 497,5 508.5 -108 
24,79 595,0 608 -133 
30,04 721,0 736.5 -135.5 
37,75 906,0 926.4 -153 
65,83 1579,9 1616 -170.5 
196,75 4722,0 4750 -225.5 
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Figure D.19: Measured shrinkage at sealed conditions during the first week 
after casting for HPC 10. 
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Figure D.20: Shrinkage at sealed conditions during total time of measure-
ments as a function of equivalent time for HPC 10. 

210 



Appendix  D  

Table D.10: Measured shrinkage at sealed conditions for HPC 10. 

Time (d) Time (h) teq  (h) esH (iniilm)  

0 0,0 0,0 0 
0,55 13,2 13,2 0 

0,58 13,9 13,9 -10 

0,68 16,3 16,3 -7,5 

0,71 17,0 17,0 -12,5 

0,75 18,0 18,0 -15 

0,79 19,0 19,0 -12,5 

0,84 20,2 20,2 -17,5 
0,88 21,1 21,1 -22,5 

1,51 36,2 36,2 -20 

1,59 38,2 38,2 -22,5 

1,67 40,1 40,1 -20 
1,75 42,0 42,0 -22,5 

3,48 83,5 83,5 -27,5 

3,6 86,4 86,4 -30 
3,73 89,5 89,5 -40 
3,82 91,7 91,7 -37,5 
4,51 108,2 108,2 -35 
4,61 110,6 110,6 -40 
4,7 112,8 112,8 -42,5 

4,79 115,0 115,0 -47,5 

5,51 132,2 132,2 -45 
5,59 134,2 134,2 -37,5 
5,8 139,2 139,2 -50 
6,51 156,2 156,2 -40 
6,6 158,4 158,4 -45 

6,69 160,6 160,6 -45 
10,76 258,2 258,2 -70 
11,7 280,8 280,8 -67,5 
12,72 305,3 305,3 -62,5 
13,59 326,2 326,2 -65 
14,5 348,0 348,0 -70 

18,71 449,0 449,0 -80 
21,64 519,4 519,4 -95 
25,77 618,5 618,5 -82,5 
27,51 660,2 660,2 -87,5 
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Figure D.21: Measured shrinkage at sealed conditions during the first week 
after casting for HPC 11.  (x)  specimen A and (o) specimen  B.  
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Figure D.22: Shrinkage at sealed conditions during total time of measure-
ments as a function of equivalent time for HPC 11.  (x)  specimen A 
and (o) specimen  B.  
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Table D.11: Measured shrinkage at sealed conditions for HPC 11A and HPC 
11B. 

Time (d) Time (h) te  (h) EsH (Pm/m) esH  

0 0,0 0,0 0 0 
0,62 14,9 14,9 0 0 
0,65 15,6 15,6 -13,5 -2,5 
0,71 17,0 17,0 -13,5 -10 
0,75 18,0 18,0 -13,5 -7,5 
0,79 19,0 19,0 -13,5 -15 
1,5 36,0 36,0 -18,5 -17,5 
1,54 37,0 37,0 -16 -17,5 
1,59 38,2 38,2 -18,5 -20 
1,65 39,6 39,6 -21 -20 
1,75 42,0 42,0 -28,5 -27,5 
2,5 60,0 60,0 -28,5 -35 

2,67 64,1 64,1 -36 -37,5 
2,79 67,0 67,0 -38,5 -40 
3,56 85,4 85,4 -48,5 -55 
5,56 133,4 133,4 -66 -62,5 
7,67 184,1 184,1 -76 -75 
9,6 230,4 230,4 -78,5 -82,5 

12,68 304,3 304,3 -93,5 -90 
15,48 371,5 371,5 -98,5 -97,5 
20,77 498,5 498,5 -108,5 -107,5 
22,81 547,4 547,4 -121 -112,5 
27,83 667,9 667,9 -118,5 -117,5 
30,5 732,0 732,0 -123,5 -130 
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Figure D.23: Measured shrinkage at sealed conditions during the first week 
after casting for NPC 1.  (x)  specimen A and (o) specimen  B.  
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Figure D.24: Shrinkage at sealed conditions during total time of measure-
ments as a function of equivalent time for NPC 1.  (x)  specimen A 
and (o) specimen  B.  
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Time 

(d) 

Time 

(h) 

teg 

(h) 

ESH 

(11111/111) 

0 0,0 0,0 0 
0,78 18,7 20,6 0 
0,82 19,7 21,6 -13 
0,88 21,1 23,0 -19,5 
0,99 23,8 25,7 -29,5 
1,69 40,6 43,1 -32 
1,94 46,6 49,3 -47 
2,03 48,7 51,5 -62 
2,69 64,6 67,8 -62 
3,78 90,7 94,7 -84,5 
8,72 209,3 216,7 -102 
9,03 216,7 224,5 -89,5 

16,74 401,8 414,5 -97 
23,74 569,8 587,1 -109,5 
27,74 665,8 685,5 -139,5 
29,97 719,3 740,6 -149,5 
50,69 1216,6 1250,4 -139,5 

Time 

(d) 

Time  

(h) 

teg  

(h) 

EsH  

(11111/111) 

0 0,0 0,0 0,0 
0,8 19,2 20,9 0,0 

0,95 22,8 23,8 -10,0 
1,49 35,8 38,3 -17,5 
1,59 38,2 40,9 -27,5 
1,63 39,1 41,7 -30,6 
1,71 41,0 43,6 -30,0 
1,76 42,2 44,8 -27,5 
1,78 42,7 46,2 -27,5 
2,44 58,6 61,6 -33,8 
2,49 59,8 62,9 -32,5 
2,52 60,5 63,6 -32,5 
2,57 61,7 64,8 -37,5 
2,64 63,4 66,6 -38,8 
2,74 65,8 69,0 -35,0 
2,9 69,6 73,0 -35,0 

3,52 84,5 88,3 -37,5 
3,57 85,7 89,5 -35,0 
6,69 160,6 166,5 -45,0 
7,48 179,5 185,9 -55,0 
8,48 203,5 210,6 -47,5 
8,77 210,5 218,0 -57,5 
9,48 227,5 235,3 -57,5 
9,73 233,5 241,7 -62,5 

10,48 251,5 260,0 -58,8 
10,79 259,0 266,8 -61,3 
12,75 306,0 315,8 -67,5 
13,48 323,5 333,9 -76,3 
14,51 348,2 359,3 -75,0 
15,78 378,7 390,5 -82,5 
17,72 425,3 438,4 -90,0 
19,76 474,2 488,6 -110,0 
20,72 497,3 512,3 -107,5 
22,52 540,5 556,8 -122,5 
24,81 595,4 613,6 -107,5 
27,47 659,3 679,0 -115,0 
31,47 755,3 777,4 -127,5 
34,52 828,5 852,2 -135,0 
36,66 879,8 905,1 -137,5 
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Table D.12: Measured shrinkage at sealed conditions for NPC lA and NPC 
1B. 
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Figure D.25: Measured shrinkage at sealed conditions during the first week 
after casting for NPC 2.  
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Figure D.26: Shrinkage at sealed conditions during total time of measure-
ments as a function of equivalent time for NPC 2.  
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Table D.13: Measured shrinkage at sealed conditions for NPC 2. 

Time (d) Time (h) teq  (h) EsH 

(priilm)  

0 0,0 0,0 0 
0,61 14,6 14,6 0 
0,67 16,1 16,1 -5 
0,72 17,3 17,3 -15 
0,76 18,2 18,2 -5 
0,8 19,2 19,2 -10 

0,84 20,2 20,2 -3 
0,88 21,1 21,1 0 
1,52 36,5 36,5 0 
1,61 38,6 38,6 0 
1,69 40,6 40,6 -2,5 
1,77 42,5 42,5 -5 
3,5 84,0 84,0 -7,5 

3,61 86,6 86,6 -7,5 
3,72 89,3 89,3 2,5 
3,83 91,9 91,9 -2,5 
4,53 108,7 108,7 0 
4,62 110,9 110,9 -2,5 
4,72 113,3 113,3 -2,5 
4,81 115,4 115,4 0 
5,52 132,5 132,5 0 
5,61 134,6 134,6 -2,5 
5,82 139,7 139,7 -5 
6,53 156,7 156,7 -5 
6,61 158,6 158,6 -15 
6,7 160,8 160,8 -25 

6,81 163,4 163,4 -15 
7,55 181,2 181,2 -10 

10,78 258,7 258,7 -35 
11,71 281,0 281,0 -30 
12,73 305,5 305,5 -5 
13,6 326,4 326,4 -7,5 

14,51 348,2 348,2 -27,5 
18,72 449,3 449,3 -25 
21,65 519,6 519,6 -37,5 
25,78 618,7 618,7 -42,5 
28,53 684,7 684.7 -35 
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Figure D.27: Measured shrinkage at sealed conditions during the first week 
after casting for NPC 3. 
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Figure D.28: Shrinkage at sealed conditions during total time of measure-
ments as a function of equivalent time for NPC 3. 
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Table D.14: Measured shrinkage at sealed conditions for NPC 3. 

Time (d) Time (h) teg  (h) ESH 

(nifilm) 

0,00 0,0 0,0 0 
0,75 18,0 18,0 0 
1,83 43,9 43,9 -2,5 
5,23 125,5 125,5 -65 
7,35 176,4 176,4 -85 
9,19 220,6 220,6 -95 
11,15 267,6 267,6 -110 
13,85 332,4 332,4 -112,5 
18,15 435,6 435,6 -115 
21,98 527,5 527,5 -125 
29,94 718,6 718,6 -132,5 
38,06 913,4 913,4 -142,5 
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Figure D.29: Measured shrinkage at sealed conditions during the first week 
after casting for NPC 4. 
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Figure D.30: Shrinkage at sealed conditions during total time of measure-
ments as a function of equivalent time for NPC 4. 
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Table D.15: Measured shrinkage at sealed conditions for NPC 4. 

Time 

(d) 

Time 

(h) 

teq 

(h) 
ESH 

(Pm/m) 

0,00 0,0 0,0 0 
0,58 13,9 15,6 0 

1,08 25,9 28,8 -17 

1,42 34,1 37,3 -29,5 

2,08 49,9 54,0 -32 

3,04 73,0 78,0 -44,5 

3,42 82,1 87,5 -32 

5,29 127,0 135,0 -49,5 

6,08 145,9 152,0 -47 

8,17 196,1 208,0 -47 

13,17 316,1 331,0 -62 

20,12 482,9 505,0 -79,5 

28,2 672,8 698,9 -89,5 
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Appendix  E: 	TEMPERATURE RISE IN TEST 
SPECIMEN. 

Figure E.1 - Figure E.12 show measured and calculated temperature in test 
specimens, HPC 1 - 9 and NPC 1 - 4. HPC 10 - 11 and NPC 3 are not tested or 
calculated. 

The calculated temperature rise of the 100  x  100 mm2  test specimen is based on 
the computer program  HETT,  fully described in  Jonasson  (1994). Thermal ma-
turity properties for studied concrete mixes are presented in Table E.1. 

Table E.1: Thermal properties of HPC 1 - 9 and NPC 1 - 4 

Mixture Ai , 

Thermal properties 
-xi , 	- 	ti , 

hours 
W., , 
kJ/kg 

Ccon- 9 

kg/m3  

Maturity 
eref , 	K3 , 	- 

K  

I 
Note 

HPC 1 1.24 2.50 10.10 275 472 3540 0.422 
HPC 2 3.03 2.94 6.04 275 523 5090 0.317 
HPC 3 1.39 1.87 9.77 281 539 3620 0.054 
HPC 4 3.05 3.00 6.06 250 528 3680 0.215 
HPC 5 3.24 3.13 6.05 250 561 4900 0.180 
HPC 6 1.08 2.29 10.03 250 561 3770 0.419 
HPC 7 1.15 1.21 7.03 313 470 4160 0.648 
HPC 8 1.77 2.30 4.29 261 480 3210 0.400 
HPC 9 1.90 1.95 4.84 218 528 5400 0.480 ** 

NPC 1 1.77 1.51 4.59 325 420 3700 0.326 
NPC 2 2.14 1.26 4.84 365 238 4700 0.280 
NPC 3 0.60 1.38 14.80 290 451 5400 0.480 ** 

NPC 4 0.25 74.6 0.878 305 425 5400 0.480 
* = assumed values. 

0 24 48 72 96 120 
Time, (hours) 

Figure E.1: Calculated and measured temperature rise for concrete HPC I. 
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Figure E.2: Calculated and measured temperature rise for concrete HPC 2. 
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Figure E.3: Calculated and measured temperature rise for concrete HPC 3. 
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Figure E.4: Calculated and measured temperature rise for concrete HPC 4. 
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Figure E.5: Calculated and measured temperature rise for concrete HPC 5. 
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Figure E.6: Calculated and measured temperature rise for concrete HPC 6. 
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Figure E.7: Calculated and measured temperature rise for concrete HPC 7. 
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Figure E.8: Calculated and measured temperature rise for concrete HPC 8 

T
em

p
er

a
tu

re
,  (

°C
)  

25 	Temperature HPC 9 
24 	 Calculated  

X  Measured 
23 

22 

21 

20 

0 24 48 72 96 120 
Time, (hours) 

Figure E.9: Calculated and measured temperature rise for concrete HPC 9. 
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Figure E.10: Calculated and measured temperature rise for concrete NPC 1. 
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Figure E.11: Calculated and measured temperature rise for concrete NPC 2. 
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Figure E.12: Calculated and measured temperature rise for concrete NPC 3. 
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Figure E.12: Calculated and measured temperature rise for concrete NPC 4 

227 



Appendix F 

Appendix F: 	THERMAL DEFORMATION 
MEASUREMENTS. 

Figure F.1- Figure F.8 show calculated temperature development used for regula-
tion of free thermal expansion and contraction tests and recorded deformation 
measured on high performance concrete and normal concrete. 

The calculated temperature rise of the simulated structure is made by  HETT,  see  
Jonasson  and Stelmarczyk (1991) and  Jonasson  (1994). 

Used thermal and maturity properties for studied concrete mixes is presented in 
Table F.1. 

Table F.1: Thermal properties of studied concrete mixtures 

Mixture AI  , 
_ 

Thermal properties 

lci , 	ti,  
_ 	hours 

Wo,,  

kJ/kg 
C  COIT 9 

kg/m3  

Maturity 

eref ,  9 	c3, 
K 	_ 

1 

Note 

HPC 1 1.24 2.50 10.10 275 472 3540 0.422 
HPC 3 1.39 1.87 9.77 281 539 3620 0.054 
HPC 4 3.05 3.00 6.06 250 528 3680 0.215 
HPC 6 1.08 2.29 10.03 250 561 3770 0.419 
HPC 7 1.15 1.21 7.03 313 470 4160 0.648 
HPC 8 1.77 2.30 4.29 261 480 3210 0.400 
NPC 1 1.77 1.51 4.59 325 420 3700 0.326 
NPC 4 0.25 74.6 0.878 305 425 5400 0.480 

* = assumed values. 
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Figure F.1: Temperature development used for regulation and measured de-
formation of the specimen for HPC 1. Test started 19 hours after 
casting. 
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Figure F.2: Temperature development used for regulation and measured de-
formation of the specimen for HPC 3. Test (A and  B)  started 9.5 
hours after casting and test  C  started 14 days after casting. 
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Figure F.3: Temperature development used for regulation and measured de-
formation of the specimen for HPC 4. Test started 20 hours after 
casting. 
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Figure F.4: Temperature development used for regulation and measured de-
formation of the specimen for HPC 6. Test started 9 hours after 
casting. 
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Figure F.5: Temperature development used for regulation and measured de-
formation of the specimen for HPC 7. Test started 12 hours after 
casting. 
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Figure F.6: Temperature development used for regulation and measured de-
formation of the specimen for HPC 8. Test started 8.5 hours after 
casting. 
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Figure F.7: Temperature development used for regulation and measured de-
formation of the specimen for NPC 1. Test (A) started 9 hours af-
ter casting and test  (B  and  C)  started 19 hours after casting. 
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Figure F.8: Temperature development used for regulation and measured de-
formation of the specimen for NPC 4. Test (A) started 9 hours af-
ter casting and test  (B)  started 18 hours after casting. Test  (B)  was 
re-heated after 58 hours. 
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Appendix  G  

Appendix  G:  PARAMETERS USED FOR NON-
LINEAR CALCULATION OF 
THERMAL AND MOISTURE 
STRESSES 

Parameters used at pilot studies of non-linear calculations of thermal and mois-
ture stresses. The values presented here are not the final solution, but has been 
used to verify the model. This work will be examined further in the near future. 

Used parameters for concrete mixtures HPC 3, 6 - 8 and NPC 1 are presented 
Table G.2. 

The value of thermal contraction is probably to low and have here been set to as-
sumed level, see chapter 4. 

Table G.2: Parameters used for non-linear stress calculations 

Mixture  (XE,  

pm/m 
ac, 

ymbn 
AE(p, 

prem  
;9, 
h  

f ref  
_ - 

PT, P9, 

HPC 3 11.7 8.2 -120 4.7 0.72 0.75 0.5 0.5 

HPC 6 11.7 8.3 -150 6.0 0.75 0.75 0.7 0.15 

HPC 7 11.9 8.5* -60 6.0 0.85 0.85 0.3 0.1 

HPC 8 12.5 8.3 -250 4.5 0.80 0.90 0.4 0.1 

NPC 1 12.1 8.6 0 o 1.0 0.30 0.1 0.1 

* assumed value 
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