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ABSTRACT: The effect of temperature in the prediction of long-term loss of prestress, particularly on the re-
laxation loss of prestressing strands, in prestressed concrete has been studied. The factors affecting the relaxa-
tion loss in prestressing strands have been varied experimentally in Structural Engineering Laboratory at the 
Indian Institute of Technology Madras. The measured relaxation loss is compared with different experimental 
results and various codes.  

1 INTRODUCTION 

1.1 Time dependent loss of prestress 

The decrease in initial applied prestress i.e., the loss 
of prestress, with time is a concern for the design of 
prestressed concrete members. Even though the ac-
curate estimation of the final prestress is important 
for the design, determination of the same is complex 
because of the time dependent and interdependent 
material and environmental characteristics.  

 The major contributors for the loss of prestress 
at the service stage are creep and shrinkage of con-
crete and relaxation of steel. Many models have 
been developed to accurately predict the creep and 
shrinkage of concrete, including various parameters 
and reducing uncertainties. To predict the long-term 
relaxation of prestressing steel, very few reliable 
models are available considering various factors. 
Hence in this study an attempt has been made to 
consider the effect of various factors on relaxation of 
steel.  

1.2 Relaxation of steel 

Relaxation (Intrinsic relaxation) is the time depend-
ent decrease in the initially applied stress at a con-
stant strain. Even though in prestressed concrete the 
strain in the strands will alter due to creep and 
shrinkage of concrete, intrinsic relaxation tests are 
done to understand the behaviour of the prestressing 
steel and also to estimate the loss of prestress ap-
proximately. Relaxation depends on time, exposed 
temperature, initial stress and type of steel. Many 
studies had been done to understand the dependence 
of relaxation of steel on these factors (Magura et al. 
1997). The relaxation has been expressed as a func-
tion of time and initial applied stress, assuming that 
relaxation varies with logarithm of time linearly. 

Schwier (1958) found that relaxation loss at 100
0
C is 

eight folds the loss at 20
0
C. Since the temperature 

variation during the normal operation is nominal, re-
laxation was not expressed in terms of temperature. 
Later a general equation had been introduced to de-
termine the relaxation loss for stress relieved steel 
and low relaxation steel (PCI Committee 1975, 
Ghali & Trevino 1985). 

1.3 Relaxation test specifications 

Several Codes e.g., IS 14268 (1995) specify that the 
stress relaxation test should be performed at an ini-
tial load of 70% of the guaranteed ultimate tensile 
strength (GUTS) of the strand under constant tem-
perature of 20±20C for a testing period of 1000h. 
The load should be applied within 5 minutes and the 
loss of stress should be measured from the sixth 
minute. In stress relieved strand the 1000h relaxation 
should not exceed 5% (IS 6006, 1983). In low re-
laxation strands, it should not exceed 2.5% for 
1000h and 1.8% for 100h. 

1.4 Effect of temperature 

In nuclear power plant (NPP) containment structures 
the average temperature around the prestressed wires 
was found to vary between 30

0
C and 35

0
C (Ashar et 

al. 1997). The loss due to relaxation of steel extrapo-
lated at such temperatures over a design service life 
of 40 years was found to be 17.5% which is rela-
tively very high compared to the loss specified by 
many codes i.e. about 10-12%. The Fritz Engineer-
ing Laboratory of Lehigh University investigated the 
relaxation loss on 14 prestressing tendons at tem-
peratures of 20

0
C (68

0
F), 25

0
C (78

0
F), and 40

0
C 

(104
0
F) and at an initial prestress of 0.70 and 0.75 

GUTS of wires. It was found that appreciably higher 
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relaxation of wires observed at 25
0
C and 40

0
C than 

those at 20
0
C.  

Petersson and Sundquist reported that a tempera-
ture rise from 20

0
C to 40

0
C may lead to two fold in-

crease in the relaxation loss (Roth 2004). A test pro-
gram was conducted in CBI laboratory, Sweden on 
thirty-year old (seven) wires from Forsmark and 
seven new wires. The central wires of 7-ply pre-
stressing strands were tested at two temperatures 
20

0
C and 55

0
C at the load of 70% of the ultimate 

load. The 5-day relaxation loss was found to in-
crease from 2 to 4% as the temperature increased 
from 20

0
C to 55

0
C in fresh wires while the increase 

in relaxation loss in the old wires was negligible. 
The prestressing losses were measured for a pe-

riod of 30 years, in six Swedish reactors located at 
two different power plants (Anderson 2005). The re-
sults indicate that the loss of prestress ranges be-
tween 5 and 10% of the initial prestress, which is 
much lower than the predicted loss for design i.e. 
about 20–25%. Similar observations have been re-
ported on a few British containments. The main rea-
sons for such relatively low losses could be due to 
slow drying process of concrete and high concrete 
age at the initial stage of tensioning of wires. Fur-
ther, it was confirmed that the temperature has a ma-
jor influence on the loss of prestress. 

2 RESEARCH SIGNIFICANCE 

In several civil engineering structures such as bridge 
structures, since variation in the exposed tempera-
ture during operation is negligible, it does not influ-
ence the relaxation loss significantly. In special 
structures like power plant containments, where the 
temperatures vary from ambient temperature to 
about 130

0
C or 150

0
C during operation the effect of 

temperature on relaxation loss plays vital role on the 
longevity of the structures and hence need to be 
studied in detail. This study attempts to address the 
effect of temperature on loss of prestress due to re-
laxation of steel strands.  

3 MATHEMATICAL EXPRESSIONS 

3.1 Relaxation of steel  

Magura et al. (1964) expressed the remaining stress 
as a function of time and initial stress ratio. 
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where fs is the remaining stress, fi is the initial stress, 

fy is the yielding stress and t is the time in h at which 

the remaining stress is required.   

PCI Committee on prestress losses (1975) 

recommended an expression based on the above 

study to estimate the intrinsic relaxation as follows: 
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where ptσ∆ is the intrinsic relaxation at time t in 
steel tendon, ti is the initial time in hours at which 
load is applied, pyσ is the yield strength and M is a 
factor related to the type of steel, the values 10 and 
45 are valid for stress relieved and low relaxation 
wires and strands respectively.  

Ghali & Trevino (1985) introduced relaxation 
reduction coefficient to estimate the relaxation loss 
considering the effect of creep and shrinkage of 
concrete. The relaxation loss can be expressed as: 
 

rr
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where rL is reduced relaxation value,

r
L is intrinsic 

relaxation which occurs in a constant length tendon 
and r

χ  is relaxation reduction coefficient. 
Intrinsic relaxation is further expressed as: 
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Lr∞ is the intrinsic relaxation at infinite time, t is 

the time at which intrinsic relaxation is required and 
t1 is the time at which the initial load is applied. The 
ultimate relaxation is a function of type of steel and 
intial stress ratio as follows.   
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                                        (8) 
                                  

λ is the initial stress ratio defined as the initial 
stress applied to the ultimate stress and J is the 
material factor, 1.5 and 2/3 for stress relieved and 
low relaxation steel respectively. 

Rostasy et al. (1991) studied the effect of 
temperature on the relaxation of low relaxation wires 
and developed an expression from their experimental 
results as follows.   
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R is the relaxation at any time, t and temperature, 
T. a(t) and b(t) are functions of time: 
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The proportionality coefficient D(h,T) is called 
moisture permeability and it is a nonlinear function 
of the relative humidity h and temperature T (Bažant 
& Najjar 1972). The moisture mass balance requires 
that the variation in time of the water mass per unit 
volume of concrete (water content w) be equal to the 
divergence of the moisture flux J  
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The water content w can be expressed as the sum 

of the evaporable water we (capillary water, water 
vapor, and adsorbed water) and the non-evaporable 
(chemically bound) water wn (Mills 1966, 
Pantazopoulo & Mills 1995). It is reasonable to 
assume that the evaporable water is a function of 
relative humidity, h, degree of hydration, αc, and 
degree of silica fume reaction, αs, i.e. we=we(h,αc,αs) 
= age-dependent sorption/desorption isotherm 
(Norling Mjonell 1997). Under this assumption and 
by substituting Equation 1 into Equation 2 one 
obtains 
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where ∂we/∂h is the slope of the sorption/desorption 
isotherm (also called moisture capacity). The 
governing equation (Equation 3) must be completed 
by appropriate boundary and initial conditions.  

The relation between the amount of evaporable 
water and relative humidity is called ‘‘adsorption 
isotherm” if measured with increasing relativity 
humidity and ‘‘desorption isotherm” in the opposite 
case. Neglecting their difference (Xi et al. 1994), in 
the following, ‘‘sorption isotherm” will be used with 
reference to both sorption and desorption conditions. 
By the way, if the hysteresis of the moisture 
isotherm would be taken into account, two different 
relation, evaporable water vs relative humidity, must 
be used according to the sign of the variation of the 
relativity humidity. The shape of the sorption 
isotherm for HPC is influenced by many parameters, 
especially those that influence extent and rate of the 
chemical reactions and, in turn, determine pore 
structure and pore size distribution (water-to-cement 
ratio, cement chemical composition, SF content, 
curing time and method, temperature, mix additives, 
etc.). In the literature various formulations can be 
found to describe the sorption isotherm of normal 
concrete (Xi et al. 1994). However, in the present 
paper the semi-empirical expression proposed by 
Norling Mjornell (1997) is adopted because it 

explicitly accounts for the evolution of hydration 
reaction and SF content. This sorption isotherm 
reads 
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where the first term (gel isotherm) represents the 
physically bound (adsorbed) water and the second 
term (capillary isotherm) represents the capillary 
water. This expression is valid only for low content 
of SF. The coefficient G1 represents the amount of 
water per unit volume held in the gel pores at 100% 
relative humidity, and it can be expressed (Norling 
Mjornell 1997) as 
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where k

c
vg and k

s
vg are material parameters. From the 

maximum amount of water per unit volume that can 
fill all pores (both capillary pores and gel pores), one 
can calculate K1 as one obtains  
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The material parameters k

c
vg and k

s
vg and  g1 can 

be calibrated by fitting experimental data relevant to 
free (evaporable) water content in concrete at 
various ages (Di Luzio & Cusatis 2009b).  

2.2 Temperature evolution 

Note that, at early age, since the chemical reactions 
associated with cement hydration and SF reaction 
are exothermic, the temperature field is not uniform 
for non-adiabatic systems even if the environmental 
temperature is constant. Heat conduction can be 
described in concrete, at least for temperature not 
exceeding 100°C (Bažant & Kaplan 1996), by 
Fourier’s law, which reads 

 
T∇−= λq                                (7) 

 
where q is the heat flux, T is the absolute 
temperature, and λ is the heat conductivity; in this 



a(t) = 0.320 (1+0.23 ln t) & b(t) = 0.014 (1+0.03ln t)   

3.2 Creep and shrinkage of concrete 

Creep and shrinkage are the time dependent strains 
in the concrete, which are influenced by several fac-
tors such as strength of concrete, age of concrete at 
loading, type of curing conditions, relative humidity, 
temperature, water-cement ratio, size and shape of 
the member etc. Many popular analytical models 
e.g. ACI 209 (1996), CEB-FIP model code (1990), 
B3 Model, BP-KX Model and GL2000 Model are in 
existence to describe the behaviour of the creep and 
shrinkage of concrete. 

Jayakumar et al. (2007) studied the creep and 
shrinkage experimentally on high performance con-
crete specimens for a period of 500 days. The spe-
cimens were 150mm x 150mm x 600mm, with a 
compressive strength of 50MPa. The test tempera-
ture and relative humidity were 20

0
C and 56% re-

spectively. The measured strains were compared 
with different code predictions. They observed that 
CEB-FIP model code, slightly over predicts at an 
early age but matches well at a later age. 

 

 
Figure 1. Experimental Set up. 

4 EXPERIMETAL PROGRAM 

The test specimens were low relaxation seven-ply 
prestressing strands, with a diameter of 12.7mm and 
an ultimate tensile strength of 1860 MPa. The test 
parameters were; temperature, initial prestress and 
time. Two different initial prestress ratios 0.7 and 
0.8 were considered at different temperatures in the 
range of 20

0
C to 45

0
C. The duration of the testing 

was 1000h or until the loss stabilizes, whichever is 
less. The test set up is shown in Figure 1. 

 
4.1 Temperature studies 

The relaxation test was conducted according to IS 
14268 (1995). The temperature was varied from the 

test specifications i.e., 20±2
0
C. At every initial pre-

stress the test was conducted at temperatures of 
20

0
C, 25

0
C, 30

0
C, 35

0
C, 40

0
C and 45

0
C. Constant 

temperature was maintained throughout the experi-
ment using temperature control chamber. At 0.7 ini-
tial stress, the relaxation loss at temperatures 50

0
C 

and 150
0
C were also studied. In this context the 

strand was heated using direct heating element. 

5 EXPERIMENTAL RESULTS 

The variation of relaxation loss vs. time is shown in 
Figure 2 at various temperatures and at an initial 
prestress of 0.8. The relaxation loss at a temperature of 
20

0
C and at 1000h is 3.24% which is less than the code 

value, 3.5%. The relaxation loss at 45
0
C is 7.92% 

which is about 2.5 times the loss at 20
0
C. The test was 

terminated at 1000h as per the code provisions. 
 

 
Figure 2. Relaxation vs. time at an initial prestress of 0.8. 
 

At an initial prestress of 0.7 the variation of re-
laxation loss vs. time is shown in Figure 3 at differ-
ent temperatures. The 1000h relaxation loss at a tem-
perature of 20

0
C is 2.03% which is less than 2.5%, 

as specified by the codes. Similarly, the 100h relaxa-
tion loss is 1.0% which is much less than the loss 
specified by the codes i.e. 1.8%. The relaxation loss 
at 45

0
C is 5.33% which is 2.6 times the loss at 20

0
C. 

 
Figure 3. Relaxation vs. time at an initial prestress of 0.7. 

1. Load Cell 

2. Test Specimen 

3. Hydraulic Jack
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where ∂we/∂h is the slope of the sorption/desorption 
isotherm (also called moisture capacity). The 
governing equation (Equation 3) must be completed 
by appropriate boundary and initial conditions.  

The relation between the amount of evaporable 
water and relative humidity is called ‘‘adsorption 
isotherm” if measured with increasing relativity 
humidity and ‘‘desorption isotherm” in the opposite 
case. Neglecting their difference (Xi et al. 1994), in 
the following, ‘‘sorption isotherm” will be used with 
reference to both sorption and desorption conditions. 
By the way, if the hysteresis of the moisture 
isotherm would be taken into account, two different 
relation, evaporable water vs relative humidity, must 
be used according to the sign of the variation of the 
relativity humidity. The shape of the sorption 
isotherm for HPC is influenced by many parameters, 
especially those that influence extent and rate of the 
chemical reactions and, in turn, determine pore 
structure and pore size distribution (water-to-cement 
ratio, cement chemical composition, SF content, 
curing time and method, temperature, mix additives, 
etc.). In the literature various formulations can be 
found to describe the sorption isotherm of normal 
concrete (Xi et al. 1994). However, in the present 
paper the semi-empirical expression proposed by 
Norling Mjornell (1997) is adopted because it 

explicitly accounts for the evolution of hydration 
reaction and SF content. This sorption isotherm 
reads 
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where the first term (gel isotherm) represents the 
physically bound (adsorbed) water and the second 
term (capillary isotherm) represents the capillary 
water. This expression is valid only for low content 
of SF. The coefficient G1 represents the amount of 
water per unit volume held in the gel pores at 100% 
relative humidity, and it can be expressed (Norling 
Mjornell 1997) as 
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where k
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vg are material parameters. From the 

maximum amount of water per unit volume that can 
fill all pores (both capillary pores and gel pores), one 
can calculate K1 as one obtains  
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The material parameters k

c
vg and k

s
vg and  g1 can 

be calibrated by fitting experimental data relevant to 
free (evaporable) water content in concrete at 
various ages (Di Luzio & Cusatis 2009b).  

2.2 Temperature evolution 

Note that, at early age, since the chemical reactions 
associated with cement hydration and SF reaction 
are exothermic, the temperature field is not uniform 
for non-adiabatic systems even if the environmental 
temperature is constant. Heat conduction can be 
described in concrete, at least for temperature not 
exceeding 100°C (Bažant & Kaplan 1996), by 
Fourier’s law, which reads 

 
T∇−= λq                                (7) 

 
where q is the heat flux, T is the absolute 
temperature, and λ is the heat conductivity; in this 



 
Figure 4. Relaxation loss at 500C &1500C at 0.7 initial pre-
stress. 

 

 
Figure 5. Comparison of experimental results with Erdelyi 
(1989) research.  

 
Figure 4 compares the relaxation loss at 50

0
C and 

150
0
C. At 50

0
C the relaxation loss stabilized with a 

loss of 6.6% at 800h. The 100h relaxation is 5.0%, 
which is about 5 times the relaxation loss at 20

0
C. 

When the loss was stabilized, the 50
0
C relaxation 

loss was 6.6%, which is about 3.25 times the relaxa-
tion loss at 20

0
C i.e. 2.03%. At the elevated tempera-

ture of 150
0
C, the rate of relaxation is very less after 

100h. At about 240h the relaxation loss was found to 
be stabilized. The loss at that stage was 19.0%. 

Figure 5 compares the experimental observations 
with the earlier reported research results on 7-ply 
strands at a constant temperature of 20

0
C with two 

different initial stress ratios 0.7 and 0.8. Even though 
the results deviate during 100h, at 1000h the ex-
perimental values coincide with the earlier research 
results.   

Figures 6 & 7 show the comparison of experi-
mental results with the predicted relaxation loss 
from PCI committee on prestress losses (1975) and 
CEB-FIP Model Code (1978). The PCI expression 
estimates the relaxation as a linear function of loga-
rithmic time and underestimates in both cases. The 
results predicted by CEB-FIP Model initially deviate 
from the present results but converges at around 100 

h at an initial prestress ratio of 0.7 and at around 
1000h when the initial applied prestress is 0.8. 
 

 
Figure 6. Comparison of observation with PCI and CEB-FIP at 
0.7. 

 

 
Figure 7. Comparison of experimental with PCI and CEB-FIP 
at 0.8. 

6 CONCLUSION 

The PCI and CEB-FIP codes underestimate the re-
laxation at 20

0
C. The relaxation loss increases with 

temperature at a high rate during the initial period 
and slows down later irrespective of the initial stress. 
Increasing the temperature accelerates the stress re-
laxation process and helps to reduce the duration of 
the testing of the strands. CEB-90 Model code and 
BP-KX model are in good agreement with the creep 
and shrinkage of high performance concrete and 
with the experimental observations. 
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moisture permeability and it is a nonlinear function 
of the relative humidity h and temperature T (Bažant 
& Najjar 1972). The moisture mass balance requires 
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volume of concrete (water content w) be equal to the 
divergence of the moisture flux J  

 

J•∇=
∂

∂
−

t

w
                              (2) 

 
The water content w can be expressed as the sum 

of the evaporable water we (capillary water, water 
vapor, and adsorbed water) and the non-evaporable 
(chemically bound) water wn (Mills 1966, 
Pantazopoulo & Mills 1995). It is reasonable to 
assume that the evaporable water is a function of 
relative humidity, h, degree of hydration, αc, and 
degree of silica fume reaction, αs, i.e. we=we(h,αc,αs) 
= age-dependent sorption/desorption isotherm 
(Norling Mjonell 1997). Under this assumption and 
by substituting Equation 1 into Equation 2 one 
obtains 

 

nsc
w

s

e
w

c

e
w

h
h

D
t

h

h

e
w

&&& ++
∂

∂

∂

∂

=∇•∇+
∂

∂

∂

∂

− αα

αα

)(

    

(3)

 
 

where ∂we/∂h is the slope of the sorption/desorption 
isotherm (also called moisture capacity). The 
governing equation (Equation 3) must be completed 
by appropriate boundary and initial conditions.  

The relation between the amount of evaporable 
water and relative humidity is called ‘‘adsorption 
isotherm” if measured with increasing relativity 
humidity and ‘‘desorption isotherm” in the opposite 
case. Neglecting their difference (Xi et al. 1994), in 
the following, ‘‘sorption isotherm” will be used with 
reference to both sorption and desorption conditions. 
By the way, if the hysteresis of the moisture 
isotherm would be taken into account, two different 
relation, evaporable water vs relative humidity, must 
be used according to the sign of the variation of the 
relativity humidity. The shape of the sorption 
isotherm for HPC is influenced by many parameters, 
especially those that influence extent and rate of the 
chemical reactions and, in turn, determine pore 
structure and pore size distribution (water-to-cement 
ratio, cement chemical composition, SF content, 
curing time and method, temperature, mix additives, 
etc.). In the literature various formulations can be 
found to describe the sorption isotherm of normal 
concrete (Xi et al. 1994). However, in the present 
paper the semi-empirical expression proposed by 
Norling Mjornell (1997) is adopted because it 

explicitly accounts for the evolution of hydration 
reaction and SF content. This sorption isotherm 
reads 
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where the first term (gel isotherm) represents the 
physically bound (adsorbed) water and the second 
term (capillary isotherm) represents the capillary 
water. This expression is valid only for low content 
of SF. The coefficient G1 represents the amount of 
water per unit volume held in the gel pores at 100% 
relative humidity, and it can be expressed (Norling 
Mjornell 1997) as 
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where k

c
vg and k

s
vg are material parameters. From the 

maximum amount of water per unit volume that can 
fill all pores (both capillary pores and gel pores), one 
can calculate K1 as one obtains  
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The material parameters k

c
vg and k

s
vg and  g1 can 

be calibrated by fitting experimental data relevant to 
free (evaporable) water content in concrete at 
various ages (Di Luzio & Cusatis 2009b).  

2.2 Temperature evolution 

Note that, at early age, since the chemical reactions 
associated with cement hydration and SF reaction 
are exothermic, the temperature field is not uniform 
for non-adiabatic systems even if the environmental 
temperature is constant. Heat conduction can be 
described in concrete, at least for temperature not 
exceeding 100°C (Bažant & Kaplan 1996), by 
Fourier’s law, which reads 

 
T∇−= λq                                (7) 

 
where q is the heat flux, T is the absolute 
temperature, and λ is the heat conductivity; in this 
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The proportionality coefficient D(h,T) is called 
moisture permeability and it is a nonlinear function 
of the relative humidity h and temperature T (Bažant 
& Najjar 1972). The moisture mass balance requires 
that the variation in time of the water mass per unit 
volume of concrete (water content w) be equal to the 
divergence of the moisture flux J  
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The water content w can be expressed as the sum 

of the evaporable water we (capillary water, water 
vapor, and adsorbed water) and the non-evaporable 
(chemically bound) water wn (Mills 1966, 
Pantazopoulo & Mills 1995). It is reasonable to 
assume that the evaporable water is a function of 
relative humidity, h, degree of hydration, αc, and 
degree of silica fume reaction, αs, i.e. we=we(h,αc,αs) 
= age-dependent sorption/desorption isotherm 
(Norling Mjonell 1997). Under this assumption and 
by substituting Equation 1 into Equation 2 one 
obtains 
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where ∂we/∂h is the slope of the sorption/desorption 
isotherm (also called moisture capacity). The 
governing equation (Equation 3) must be completed 
by appropriate boundary and initial conditions.  

The relation between the amount of evaporable 
water and relative humidity is called ‘‘adsorption 
isotherm” if measured with increasing relativity 
humidity and ‘‘desorption isotherm” in the opposite 
case. Neglecting their difference (Xi et al. 1994), in 
the following, ‘‘sorption isotherm” will be used with 
reference to both sorption and desorption conditions. 
By the way, if the hysteresis of the moisture 
isotherm would be taken into account, two different 
relation, evaporable water vs relative humidity, must 
be used according to the sign of the variation of the 
relativity humidity. The shape of the sorption 
isotherm for HPC is influenced by many parameters, 
especially those that influence extent and rate of the 
chemical reactions and, in turn, determine pore 
structure and pore size distribution (water-to-cement 
ratio, cement chemical composition, SF content, 
curing time and method, temperature, mix additives, 
etc.). In the literature various formulations can be 
found to describe the sorption isotherm of normal 
concrete (Xi et al. 1994). However, in the present 
paper the semi-empirical expression proposed by 
Norling Mjornell (1997) is adopted because it 

explicitly accounts for the evolution of hydration 
reaction and SF content. This sorption isotherm 
reads 
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where the first term (gel isotherm) represents the 
physically bound (adsorbed) water and the second 
term (capillary isotherm) represents the capillary 
water. This expression is valid only for low content 
of SF. The coefficient G1 represents the amount of 
water per unit volume held in the gel pores at 100% 
relative humidity, and it can be expressed (Norling 
Mjornell 1997) as 
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where k
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vg are material parameters. From the 

maximum amount of water per unit volume that can 
fill all pores (both capillary pores and gel pores), one 
can calculate K1 as one obtains  
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The material parameters k

c
vg and k

s
vg and  g1 can 

be calibrated by fitting experimental data relevant to 
free (evaporable) water content in concrete at 
various ages (Di Luzio & Cusatis 2009b).  

2.2 Temperature evolution 

Note that, at early age, since the chemical reactions 
associated with cement hydration and SF reaction 
are exothermic, the temperature field is not uniform 
for non-adiabatic systems even if the environmental 
temperature is constant. Heat conduction can be 
described in concrete, at least for temperature not 
exceeding 100°C (Bažant & Kaplan 1996), by 
Fourier’s law, which reads 

 
T∇−= λq                                (7) 

 
where q is the heat flux, T is the absolute 
temperature, and λ is the heat conductivity; in this 
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