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This study was made to present a method for nonlinear coupling analysis of heat
conduction and temperature-dependent hydration of cement and to indicate the
difference in results between the conventional linear method, using an adiabatic
temperature rise curve, and the proposed nonlinear method, wusing the tempera-
ture dependent heat hydration model. For the cement hydration model,the heat
generation rate which depends on the temperature and past hydration process was
adopted. This model also includes a function of temperature and accumulated
heat. The nonlinear analysis results are considerably different from that of
the conventional linear analysis in the case of thin-wall type structures. The
proposed nonlinear analysis is able to express the actual behavior occurring in
the concrete structure with high fidelity.
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1. INTRODUCTION

On the basis of the results of research on thermal stress in mass concrete
structures conducted by the Research Committee on Mass Concrete Thermal Stress
of Japan Concrete Institute [1], a system has been established to evaluate the
probability of thermal cracking induced by heat of hydration. This system, in
turn, has been used in various fields as a basis for measuring the effects of
mixing factors (cement quality, cement content per unit volume of concrete,
etc.) on thermal stress or thermal cracking. Quantification of the possibility
of thermal cracking occurrence may be said to enable, for the first time, the
limit state design method concerning occurrence of thermal cracking. An ap-
proach through the above-described quantitative evaluation will contribute
greatly to the enhancement of the durability and reliability of concrete struc-
ture in future.

The accuracy and reliability of techniques for determining the probability of
thermal cracking depend, to a large extent, upon the kind , shape and dimensions
of structures, and the characteristics of concrete used. These, in turn, depend
upon the kinds of assumptions made about the total process, such as : (1) the
cement heat generation process and thermal properties of concrete, (2) the con-
stitutive equation and mechanical properties for concrete at an early age, which
take into account aging and temperature, and (3) criteria for evaluating the
occurrence of thermal cracking. The accuracy of analysis of the thermal stress,
depends, first of all, upon the accuracy of the basic assumptions and their
range of application.

Though important research achievements have been reported by many researchers,
their assumptions contain unknown factors and the accuracy of analysis and the
range of application of these techniques have not yet reached a satisfactory
level. Consequently, calculation of the thermal cracking probability results in
either underestimation or overestimation, depending upon the situation, with
accuracy of analysis varying to a considerable degree. Needless to say, predic-
tion of the temperature distribution induced by heat generation of cement in a
structure can exert considerable influence on the ability to predict the possi-
bility of thermal cracking.

At the present level of technology, engineers know from experience that the
results from theoretical temperature analysis differ frequently from the practi-
cal, in-the-field results. They are also familiar with the fact that results
from analysis can be made to agree with practical results by modifying the
analytical model in one way or another.

In current practice, during thermal analysis of concrete, the heat generation
curve obtained through an adiabatic temperature rise test is expressed as a
function of time, which is then used as the heating curve at all positions
within the concrete structure. In other words, the heat generation term of heat
conduction analysis has been given, not as a function of location, but as a
function of time only. The adiabatic temperature rise, however, is due to a
cement hydration process which occurs in a special environment having no heat
transfer. The position near the center of a real structure with an extremely
large cross-section can be deemed to be a condition which is similar to that in
the adiabatic temperature rise test. However, concrete existing near the struc-
ture surface and the concrete located at the forcibly cooled sections undergo a
hydration process and heat generation different from those in the adiabatic
condition.

In performing a more accurate heat conduction analysis, it is necessary to
calculate the heat generation rate at specific points in the structure because
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the cement hydration itself depends upon the temperature hysteresis of the
position concerned. 1In other words, we are required to identify the hydration
process for each different point in a structure and the resultant heat gener-
ation rate. Suzuki et al have already presented an approach to determine quan-
titatively the heat generation process of cement per unit volume in concrete,
while at the same time, considering the temperature hysteresis [2].

In other words, the cement hydration reaction itself is dependent on the temper-
ature history of concrete at a particular location. Therefore, the result of
heat conduction analysis is indispensable to the prediction of the heat genera-
tion rate and it is necessary to trace the mutually dependent behavior between
heat transfer and heat generation during thermal analysis.

This study proposes a nonlinear thermal analysis method, taking into account the
effects of temperature hysteresis on the cement heat generation due to hydra-
tion, for the purpose of enhancing the accuracy of thermal cracking probability
determination. The coupled behavior (coupled problem) of the heat transfer and
the heat generation are analyzed as a nonlinear problem in terms of temperature
that is discrete for space and time. Concerning the thermal analysis of rela-
tively thin, wall-type structures, we suggest that an essential condition in
improving the accuracy of the calculation is to consider a coupled problem of
the heat transfer and the cement hydration process during heat generation.

The methods for setting up to study heat generation by hydration in the nonlin-
ear thermal analysis method proposed in this study are basically the same as in
that of the conventional linear thermal analysis method. The setup procedure
differs depending only on the degree of accuracy required in the final result.
In other words, in general cases, the heat generation model of concrete may be
set up, on the basis of the deduction method discussed in the previous paper [2]
and using the adiabatic temperature rise rate already known. When a more de-
tailed study is required, it is possible to set up a more accurate hydration
heat generation model, by obtaining an adiabatic temperature rise curve of
higher accuracy from an experiment in which the initial temperature is set at
several different levels. Consequently, the nonlinear thermal analysis proposed
here requires no greater effort than that for the conventional thermal analysis.

2. COUPLED NONLINEAR EQUATION

The governing equation of heat conduction is expressed by the law of energy
conservation and the heat flux constitutive equation. Assuming thermal flux to
be isotropic and linear in relation to the temperature gradient, the governing
equation and the boundary condition are already established as follows:

Law of energy conservation
Cp.%:—div q+H ................................. ( 1 )

Heat flux equation ;
g=—k-grad T (2)
Boundary condition

q'n=m(T—Tex¢) ...................................... ( 3 )

where t: time, k: heat conductivity, e : unit volume weight, c: specific heat,
n: outward unit normal vector defined at the surface, m: heat transfer coeffi-
cient; for concrete, these are normally given as constants. Furthermore, q, T,
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Text , H are respectively the heat flux vector ,temperature, external environment
temperature, and heat generation rate per unit time and unit volume. These are
functions of space and time.

The conventional method of analysis based upon the adiabatic temperature rise
test treats the heat generation rate H as though it was a function of time only.
This is equivalent to the assumption that H is equal in any portion of the
domain to be analyzed. In this case, Eq.(1) and Eq.(2) consists of an operator
allowing linear combination for the temperature T. Hence, the equations, even
if discretized, are converted into linear algebraic equations.

Uchida et al. proposed a heat generation model by hydration taking temperature
hysteresis into account, which enables a determination of the heat generation
rate by hydration for any temperature hysteresis, including an adiabatic state,
from the heat generation rate by hydration of cement paste under 1isothermal
conditions [3]. The present study employs Suzuki's method and also incorporates
Uchida's model as a heat generation by hydration model to trace the heat gener-
ation process at different points of a concrete structure. This model of heat
generation due to hydration is shown below;

H=H(Q, T)=H{Q, TJ) exp [—E% (%—%)] .................................... (1)

Q=[Ha, H=H-C e (5)

where Ts : a reference temperature, Q : an accumulative heat generation , R :
the gas constant (1.986 cal/deg.mol), C: the unit cement content, and H : a heat
generation rate per unit weight of cement.

In the above equations, E(Q) (the activation energy) and Hs(Q,Ts) (reference
heat generation rate at Ts) should be given as material functions respectively
corresponding to cement in concrete. These material functions are influenced
greatly by the conditions for dispersion of cement particles and by their con-
tact with water. Consequently, the effects of the mixing efficiency of cement
particles on the hydration reaction, E(Q) and Hs{(Q,Ts) which are obtained
through a cement paste test cannot be assumed to be the same as the characteris-
tics in concrete. Suzuki et al have developed a method of determining the
activation energy E(Q) and reference heat generation rate Hs(Q,Ts) by means of
the adiabatic temperature rise test with concrete of the same composition and
the same mixing procedures, but with differing initial temperatures [2]. The
analysis by this model makes it possible to deal with the differences in the
heat generation characteristics which vary with concrete composition. The
research was started with a nonlinear thermal analysis, using the material
functions which represent the actual heat generation process of concrete quanti-
fied by Suzuki's method.

The heat generation rate H represented by Eq.(4) is a function of the tempera-
ture T and accumulative heat generation Q. Since the temperature T is a function
of time and space, the heat generation rate H and accumulative heat generation Q
vary also with time and space. In this case, the accumulative heat generation Q
represents the degree of hydration varying in each position of a structure,
while the time integral in Eq.(5) is a parameter representing the path-dependen-
cy which reflects the differences in terms of the temperature and hydration
hysteresis.

By continuously following up the hydration hysteresis at all positions, the
coupled problem of the heat conduction and the heat generation process can be
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worked out from Eq.(5) after solving a system of Eq.(1) to Eq.(4) in terms of
space and time. In this process, Eq.(4) being composed of a nonlinear operator
in terms of T , the group of governing equations is not a linear system in terms
of the temperature T, but a system of nonlinear equations.

3. DISCRETIZATION AND NONLINEARITY OF THE TEMPERATURE

Substituting Eq.(2) and Eq.(4) into Eq.(1), we have the following nonlinear
differential equation to be discretized in space and time;

4T
ot

Using the weight residual method, which can be applied independently of the
nonlinearity of governing equations, leads us to a system of nonlinear equations
as shown below [4];

=k-V'T+H(Q,T) L e (6)

kyri—1e1 [ 45 +im@, Ti=o o e (7)

where [K] is the heat conduction matrix and [C] the heat capacity matrix. Here,
these matrices are added by the element matrix, using the shape function Ni com-
posed of m nodes as shown below;

[K]:elegenl f k [B]T[B]d V

[C]:e)e%mfc[L]T[L]dv ...................... ( 8 )
dN,/dx dN./dy dN./dz N,
dN,/dx dN./dy dN,/dz N,
[Bl'= (L=
dNn/dx dNn/dy dNa/dz Nn
{H(Q,T)} is the heat generation vector as defined below;
mQ D= 5 [(LYHQ T)dV o i ()

Introducing the time difference scheme of the Crank-Nicolson method, the follow-
ing nonlinear equation is obtained in terms of {T} which is the nodal tempera-
ture vector at the time ( Z,+6A%);

RUTN=0 (10)

R=[[K1—55 (O T+ g7 [CHT+H(Q, T

Here, the nodal temperature vector {T,l at & is a known value corresponding to
the initial temperature at the first step.

Since the hydration heat generation vector {H(Q,T)} is a nonlinear function of
the unknown {T}, and the solution {T} which satisfies Eq.(10) can not be ob-
tained explicitly, it should be determined by an iterative procedure. This
research employed the Newton method for an iterative calculation. When we par-
tially differentiate Eq.(10) with respect to {T}, we have Eq.{(11) from Eq.(9);
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dRz[D]d!T} ............................................ (ll)

=K1~ gzle+ 2 [ iwriay)

element

Consequently, if the convergence conditions (R « 0) with a nodal vector of {TY
are not satisfied, calculation should be repeated in the following procedure
until the result is converged.

iT‘“”l=fT‘“l+[DjldR .................................. (12)

From the nonlinear solution {T} obtained at the time (#,+#84t) , the nodal tem-
perature vector |TJ at the time (#&+At) is given as follows through assumed
linear interpolation;

’TII=ITN’+“T’_ITM”/6 .............................. (]3)

It is not necessary to keep in memory the hysteresis of heat generation and
temperature at the numerical integration point in each element. The past proc-
ess of the temperature and the heat generation is explicitly expressed by the
accumulative heat generation Q given by Eq.(5). Hence, we may sequentially
calculate Q newly by numerically integrating Eq.(5) for each time step:

Q=QutAl-H(Qu, T)  eeeeeeeeeeeaeeeaaea, (14)

The frequency of iteration on the temperature varies, depending on the interval
of the time steps, but the result can be converged in two or three times when
the time interval is used conventionally.

The water in concrete moves according to the difference of the hydration path as
well as the shape of the concrete structure. It can be thought that the heat
generation process of concrete changes along with the concrete water content.
Strictly speaking, this analysis should be considered as a system of coupled
equations, including a governing equation concerning the water movement in con-
crete, evaluating a parameter of the water content for the heat generation
model. Solution of this kind of multi-phase, mutually-coupled problem is in
itself an established technique of numerical analysis regardless of linear or
nonlinear type. However, the water movement in young concrete or in concrete of
a hydration heat generation model and the water content-dependency of the heat
generation are left unknown at the moment. In this study, therefore, the effect
of water movement during the hydration process on nonlinear thermal analysis is
deemed sufficiently small and can be neglected. But, in the future, the three
factors of water movement, thermal energy movement, and hydration process should
be solved as a system of coupled equations for thermal analysis of concrete
structures of relatively thin cross section using ultra rapid hardening cement.

4. NONLINEAR THERMAL ANALYSIS OF CONCRETE WALL

Through a process of nonlinear thermal analyses, structures of five different
thickness were analyzed using the proposed model which couples heat generation
and heat conduction behavior in concrete. These results were compared to those
of the conventional analysis model. Conventional methods have worked well with
structures of large cross section, but not so well with thin wall-type struc-
tures. The new proposed model attempts to analyze structures of all sizes in a
single model.

In conventional analysis, it is assumed that the adiabatic temperature rise will
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occur of all positions in a structure. Empirical evidence shows that this
analysis does not accurately describe conditions as structures become thinner in
cross section [5]. Wall type structures of 1 m or less in thickness, using rich
concrete, are expected to increase in the future. The conventional analysis
will not provide the degree of accuracy needed for this type structure.

N

4.1 Objects to be analyzed

In addition to the proposed nonlinear thermal analysis which links heat genera-
tion with heat conduction, the conventional analysis model is applied to check
the effect of path dependency of heat generation along with heat transfer. The
analysis is conducted on two kinds of concrete, 250 kg/m® and 350 kg/m® of unit
cement content, using the heat generation model of Eq.(4) which considers the
temperature dependency. Table 1 shows the mix proportion of concrete. For each
mix proportion, the adiabatic tempera- ) . . .

ture rise test is made by differing the Table 1 Mix proportions used in the experiment
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cement in concrete used for Eq.(4) according to the method of Suzuki. The data
used in this analysis is determined through spline interpolation from the result
of the adiabatic temperature rise test of Fig.l. Details of the method to derive
E(Q) and Hs(Q,Ts) are described in the previous report [2].

Fig.3 shows the comparison between the analytical value obtained through path
integration of Eq.(4) under adiabatic conditions and the measured values. Both
show satisfactory agreement with each other.

In order to consider the contribution of nonlinearity of the temperature in the
heat generation process, the simplest one dimensional heat conduction state was
assumed as condition for analysis. Namely, as shown in Fig.4, our attention is
paid to the heat transfer in the direction of wall thickness for a wall with
sufficient plane width. Here, five wall thicknesses from 0.1 m to 2.0 m are
studied to set the boundary conditions for radiation from both sides of the
wall.

In the thermal analysis of a wall structure, the heat conductivity and the outer
environmental conditions should be taken as important factors. But there exist
many uncertain factors for quantification of the effects of wind, temperature
dependency of heat conductivity, and the effect of radiation. In view of the

(3-a) Unit cement content = 250 kg/m“ (3-b) Unit cement Content = 350 kg/m®
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o R . 0 R \
0 1 2 3 4. 5 6 7 8 0 1 2 3 3 5 13 7
Elapsed time (Days) : Elapsed time (Days)

Fig.3 Comparison of Theoretical and Measured Adiabatic Temperature

(4-a) Model and condition for analysis (4-b) Mesh for analysis

Surface element

L/2 A
lA 4 B L c
/ L/ {

N '

¢
L Heat transfer ' s izs " Thickness
Adiabatic boundary L N N - N £ ' -
I + + + + + —{®L=2.0
8«0.0625
Concrete . —t—t—— ———t——t——] @L=1.0
Initial temperature = 8¢ 0.003125
( pe 293K) e , . : |oL-0s

t +
860.001625

} + + + + + + + {®L=0.25

. 8%0.000625

b + +

External temperature = 293 K - const.
( Thickness(L) = 2.0,1.0,0.5,0.25,0.1 m)

{®L=0.10

Fig.4 One-Dimensional Heat Transfer Model Using the Analysis
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object of this analysis, that is, the

) Table 2 Analysis Cases and Thermal Constants
. investigation of the coupled effect in

the heat conduction analysis of the heat | |utoce ;o %"3%% orete s twag | SO | Time s
geéneration process of cement depending | | o (mcnaac. (x;c (ke/ ) (.:»:m (day)
on the temperature, the simple boundary 1 2.00 0.005
conditions are set up with the outside [ 2| 1.00 0.005
air temperature kept at 293 °K constant | 3| 250 |0.50 | 2.55 |0.2526| 2827 10 |0.005
(equal to the concreting temperature) |4 0.2 0.005
and the heat conductivity kept constant, : g;g ggggs
also. 7] 1.00 0.005

8 | 350 |0.50| 2.55 |0.2523| 2342 | 10 {0.005
Table 2 shows the thermal constant used [ 0.25 0.005
in the thermal analysis. The specific [0 0.10 0.0025

heat is calculated from the concrete mix
proportion. The same thermal constant is applied for each of the nonlinear
thermal analyses considering the temperature dependency of the heat generation
process and the conventional linear thermal analysis. Also, the same time step
is used for calculation. In the conventional linear thermal analysis, the
adiabatic temperature rise curve is expressed by the exponential function of
three coefficients which have been proven to be compatible with the actual
measurement of adiabatic temperature rise and was proposed by the authors in the
previous report [7). The average error of the adiabatic temperature rise ob-
tained through the exponential function from the experimental value is 0.2 °K or
less while the maximum error remains about 1 °K. Linear and nonlinear analyses
on the temperature, which are dealt with for comparison in this research, agree
well with each other in the adiabatic state, as shown in Fig.3.

4.2 Coupling effect on the temperature rise

Fig. 5 shows the result of analysis on temperature change with time. In this
figure, temperature change at a central position of the wall (Point A), the
surface (Point C), and an intermediate point (Point B) is shown for different
wall thicknesses and cement contents.
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Fig.5 Temperature Change with Time under One-Dimensional Heat Transfer Conditions
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In the case of a wall of 2.0 m in thickness, when we compare the conventional
analysis results which give the heat generation rate from the adiabatic tempera-
ture rise with those considering the temperature dependency of the heat genera-
tion, almost no difference is found according to the differences in mix propor-
tion of concrete and position in the wall. However, if the wall thickness
becomes smaller, they differ from each other. Here, it should be noted that the
maximum temperature rise of the conventional linear thermal analysis exceeds
that of the analysis considering the temperature dependency of the heat genera-
tion process in all positions.

Fig.6 shows the maximum temperature rise in the center of the wall and at the
wall surface using both analysis methods. Fig.7 shows the difference in the
maximum temperature rise between the two analyses considering the temperature
dependency of the heat generation process and conventional analysis on the
center and surface of the wall, respectively for each wall thickness. The most
significant difference is observed to appear between both analytical results
with respect to the thickness range of 0.25 - 0.5 m which is widely used in con-
crete structures. Such differences decrease when the wall thickness approaches
0.1 m.

The concrete near the wall surface in contact with the outside air is exposed to
cooling effects and shows a hydration heat generation process different from the
adiabatic state. Since radiation to the air is relatively small compared to the
hydration heat generated from the entire concrete structure with a thick cross
section, the temperature hysteresis and heat generation state are nearly equiva-
lent to the adiabatic state in almost all ranges. On the other hand, the region
exposed to the cooling effect by outside air increases with respect to the whole
structure as thickness decreases, and the heat generation corresponding to the
adiabatic state cannot be applied to analyze entire section. This may result in
a substantial difference in the result of analysis. If the sectional thickness
decreases further, the hydration heat moves to the surface quite rapidly, re-
sulting in a reduced difference in the result. 1In an extreme case with zero
thickness, the temperature in the structure becomes equal to the outside air
temperature theoretically, with the temperature rise due to heat generation by
hydration becoming zero in both analytical models.

As shown in Fig.7, for the concrete of 350 kg/m® in unit cement content, the

maximum temperature rise increases above that of concrete with small cement
content. Moreover, it may be found that the difference in both analytical

(6-a) Unit cement content = 250 kg/m? {6-b) Unit cement content = 350 kg/m®
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Fig.6 Relationship between the Maximum Temperature Rise and the Wall Thickness
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results has been further amplified due to the effect of thickness. For example,

the analytical value of the maximum temperature for the thickness of 0.25 m is

lower by 7°K than that of the conventional analysis at the center point, showing
the difference in maximum temperature rise by an amount as large as 30%. This

indicates that the temperature dependency of the hydration heat generation
process may possibly affect substantially the thermal distribution of the struc-

ture in a case of concrete with a high heat generation rate. The maximum
temperature rise discussed above is an amount directly related to the thermal

stress induced by the external restraining action of the wall (e.g., already
hardening concrete) during the cooling process.

Fig.8 shows the analytical results of the temperature distribution of the wall
for each analysis method and mix proportion. Here, this figure shows the result
of each analysis method for the time point when the temperature gradient is
largest. Regarding the average temperature gradient in the center of the wall

(7-8) Unit cement content = 250 kg/m® (7-b) Unit cement content = 350 kg/m®
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Fig.7 Differences in Maximum Temperature between the Analysis Methods
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and the wall surface, no substantial variance due to differences in the analysis
methods appears. This means the internal restraining action at the thickest
cross section may not lead to substantial variation in the results of the pro-
posed analysis as compared to the conventional analysis.

5. VERIFICATION OF NONLINEAR THERMAL ANALYSIS METHOD

Nonlinear thermal analysis, which considers the temperature dependency of the
heat generation process of cement, and conventional thermal analysis without
such consideration are made for wall type structures of differing thicknesses.
It is known from analytical results with wall type structures that the method
coupling the cement heat generation process and heat conduction (a method con-
sidered to simulate the practical state faithfully) differs greatly from the
conventional approaches. But,the effectiveness of the thermal analysis method
cannot be discussed solely by comparing analytical results. The effectiveness
can be verified by matching analytical results and the actual measurements taken
from a the practical structure. Here, in order to verify the effectiveness of a
nonlinear thermal analysis, comparison is made between the actual measurement of
temperature hysteresis of a test specimen in a laboratory and the corresponding
analytical results.

The test specimen used in temperature measurement is a cube of about 0.6 m on
each side as shown in Fig.9. Two kinds of test specimen were prepared to vary
the surface thermal radiation conditions : one specimen was covered with heat
insulating material over the entire surface and the other was =~ without such
coverage. The concrete used for the test specimen is normal portland cement,
with the unit cement content being 500 kg/m® for the covered specimen and 350
kg/m® for the other specimen. Foamed styrol of 8 cm in thickness was used as
insulating material. The test specimens were left in the laboratory with less
air flow to measure the change in the interior temperature of the specimens and
the room temperature.

Among thermal characteristic values used for analysis, the heat transfer coeffi-
cient is determined analytically from the temperature changes of test specimens
and the fluctuation of the outside air temperature during the two week period
after concreting. Temperature change of test specimens in the stage when the
concrete heat generation rate had decreased sufficiently was assumed to be
governed by temperature fluctuation of the outside air. The heat transfer
coefficient is determined indirectly so that the analytical value agrees with
the actual measurement of temperature two weeks after concreting. The heat
transfer coefficient was calculated to be 0.425 kcal/m?>hrC when the test speci-
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Fig.9 Diagram of Test Specimens used to measure the Temperature Rise
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men was covered with insulating material and 10 kcal/m® hr °C when not covered.
The specific heat was determined through a calculation which included the
specific heat factors for each component material in the respective mix propor-
tion [2]. The value generally applied to conventional thermal analysis, that is,
2.0 kcal/mhrC was used as the heat conductivity. For the heat generation char-
acteristics of concrete, the cement activation energy E(Q) and reference hydra-
tion heat generation rate Hs(Q,Ts), which were calculated according to the
method of Suzuki et al [2], were used. Fig.10 shows the concrete heat genera-
tion characteristics used in analysis when the unit cement content was 500 kg/uf

Fig.11 shows mutual comparison of the actual temperature measured and the ana-
lytical value from nonlinear thermal analysis considering temperature dependency
of the heat generation process of cement. In this case, the unit cement content
is 350 kg/m® and the test specimen surface was exposed to air. The figure shows
a comparison of temperature variation at two points (center and intermediate
point between the center and the surface) of the test specimen. In each posi-
tion, the measured value and the analytical value agree quite well. In this
way, the proposed thermal analysis can properly estimate that the hydration
reaction in cement was suppressed and the heat generation rate slowed down when
radiation from the test specimen surface was large and temperature rise was low.

Fig.12 shows a comparison between the aétual measured temperature and'the ana-
lytical value at the center of the test specimen when the unit cement content
was 500 kg/m° and the test specimen was covered with insulating material over
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it's surface and was exposed to the air. In this case, the analytical value
obtained from the conventional thermal analysis was also shown for a comparison
with the nonlinear thermal analysis which considered the temperature dependency
of the heat generation process.

This figure indicates relative agreement between the measured temperature and
the result of nonlinear thermal analysis. It is known, however, concerning the
conventional linear thermal analysis based on the adiabatic temperature rise
that the results exceed the measured value from early age and is greater by
about 8°K in maximum temperature. The concrete used in this experiment included
a superplasticizer for the water reducing agent, but material functions E(Q)
and Hs(Q,Ts) used in the analysis are given for cement in concrete using a AE
water reducing agent. Accordingly, the analysis accuracy in 0.3 days after
concreting was more or less lower.

The surface insulated test specimen (Fig.9b) simulated conditions, under surface
heat radiation was low, causing heat accumulation effects. This condition was
further enhanced by the high unit cement content causing a high temperature rise
rate. Under these conditions making the assumption that an adiabatic state heat
generation process existed led to considerable inaccuracy using the conventional
model of heat analysis. The proposed nonlinear analysis led to more accurate
prediction. )

As is evident from above analytical and experimental investigation, introduction
of different heat generation processes into analysis of heat conduction for all
locations of a concrete structure concerned, that is, modeling oriented more to
the practice, may become indispensable for enhanced accuracy of thermal analysis
in future.

6. CONCLUSION

In this research, the nonlinear thermal analysis method is presented, which
takes coupling of the heat conduction equation and temperature-dependent heat
generation process into account. Where the effect of radiation is relatively
large as in the case of wall type structures, the conventional linear thermal
analysis method, which assumes the heat generation process under adiabatic state
for all locations, is considered not feasible enough.

The necessity of a practice-oriented, nonlinear thermal analysis method tracing
strictly individual heat generation processes in each location of a structure is
obvious, due to the wide range of structural dimensions and the need for various
concrete mix proportions found in modeling construction. This fact indicates
that the conventional analysis method is not enough for structures under forced
cooling or under conditions with large heat movements. Conclusions obtained in
this research are summarized as follows:

(1) A coupled problem of the temperature hysteresis dependent hydration heat
generation process and heat conduction equation was expressed as a nonlinear
equation for temperature. In this case, nonlinear iterative calculation accord-
ing to the Newton method proves effective.

(2) When the structural thicknesses exceed 1 m, nearly equal temperature rise
values and temperature distribution values can be obtained from both the nonlin-
ear thermal analyses proposed in this study and the conventional linear thermal
analysis assuming similar adiabatic heat generation for all locations.

(3) For structural thicknesses of 25 - 50 cm which are commonly used, there is
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a difference of about 30% in the prediction of maximum temperature rise between
the conventional linear method and proposed nonlinear method. Consequently,
the conventional linear thermal analysis proves to be insufficient for struc-
tures exposed to forced cooling and where heat movement is large.

(4) The difference in analysis methods as pointed out in (8) above becomes more
evident with increasing unit cement content.

(5) As regards temperature gradient occurring between the center and the surface
of the wall, the difference between analysis methods is relatively small with
the respect to the maximum temperature rise.

(6) The concept of setting a concrete heat generation model in the proposed
nonlinear thermal analysis is basically the same as the conventional method and
the labor necessary for the proposed method is nearly the same as that of the
conventional method.

In the analysis of relatively large wall structures or block concrete struc-
tures, using concrete with high cement content, the accuracy of thermal analysis
can be increased by considering coupling of the temperature dependent heat
generation process and heat conduction.
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