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SYNOPSIS

This paper discusses various factors affecting the temperature rise characteris-—
tics of massive concrete structures during construction on the basis of analyses
of numerical values and actual measurements. Pertient factors are concrete adi-
abatic temperature rise, thermal properties of concrete, placing temperature,
ambient temperature, thickness of member, coefficient of heat transfer, and cur-
ing. The following became clear after the investigation on various factors
affecting the temperature rise. The effect of concrete temperature rise appears
clearly. If we show characteristics of it by an empirical equation Q(t)= Qe
(1-e~Yt), the effect of Q» and y on temperature rise is independent. Further,
in the paper I wish to propose a simple method which permits us to arrive at a
solution of sufficient accuracy by means of results obtained through the investi-
gation on various factors affecting the temperature rise.

S. ONO is a chief engineer at Civil Engineering Division of Shimizu Construction
Co., Ltd., Tokyo, Japan. He received his Doctor of Engineering Degree from
Hokkaido University in 1985. He is a member of JSCE and JCI.




1. INTRODUCTION

Cracks induced by thermal stresses (hereinafter called thermal cracks) due to
heat of hydration of cement during mass concrete construction have been studied
for the past several decades.

From the viewpoints of structural safety and functional performance of the
structure, the thermal crack control has been placed a great importance not only
to various structures as concrete dams but also to large size concrete structures
for substructures of recent long span bridges, a side wall and bottom slab of LNG
ground tank or a base mat of a nuclear power plant.

Before thermal crack control can be implemented, the concrete temperature due to
the heat of hydration of the cement after placing must be estimated. The studies
related to temperature rise in mass concrete originated from the study of Boulder
Damll] in 1930's and since then a number of studies have been carried out up to

the present as they are represented by Carlson, McHenry, R.E. Glover and A.D. Ross.
But the majority of studies has been concentrated upon the analytical aspects of
concrete temperatures. Although the studies on the factors influencing the con-—
crete temperatures or on the problems of assessing their precisions are of prac-—
tical importance, these studies are unexpectedly few and far between. Recently,
with the increasing applications of computers, a finite element method for an
analysis of the integrated system has been widely used for the temperature anal-
ysis of mass concrete due to heat of hydration. When these analyses are performed,
of course the results should be verified. However, the boundary condition can

so far be considered only by the Carlson method. And the analytical precision

and the simplicity cannot be satisfied by simple method of ACI[2], Yanagidal3]

or Nojiril4l. 1t is the status quo that there is no plactically effective simple
calculation method.

This paper examinesthe seven factors — an adiabatic temperature rise of concrete,
a thermal characteristic of concrete, a placing temperature, an ambient atmospheric
temperature, member dimensions, a heat transfer rate and effects of curing proce-
dures — each effects the temperature of mass concrete. Analyses were carried

out on the basis of the numerical procedures and the measured values. Furthermore
authors proposes the calculation method of the temperature rise for mass concrete.
The procedure is based on the relation between the adiabatic temperature rise char-
acteristic of concrete and the concrete temperature.

2. VARIOUS FACTORS AFFECTING THE TEMPERATURE OF CONCRETE

2.1 Adiabatic Temperature Rise Characteristics [2]

When the adiabatic temperature rise is expressed by Q(t)=Qw(1-e™t), influence of
the adiabatic temperature rise characteristics affecting the temperature of con-—
crete can be determined by substitution to the effect of the empirical constant
Qe andyY . Where, Q(t) is the adiabatic temperature rise in °C at age t, t is in
days. Qw is the final adiabatic temperature rise in °C and Y is the empirical
constant related to the temperature rising rate. To examine experimentally the
effect of Qw and Y, however, these should be un-coupled. The experimental exami-
nation of these factors during the hydration of cement poses a considerable diffi-
culties. This study gave an expression of the empirical constanty in terms of the
final adiabatic temperature rise Qo due to the numerical experiment influence to
the temperature of concrete.

Table 1 shows the levels of various factors that were allowed to change. The levels
of factors other than those shown in Table 1 are shown in Table 2. The numerical



Table.l Facler and level

Factor Level
M
Final adiabatic temperature | 258, 294, 331, 368
rising amount Qoo () 405, 442, 478
irical constant on 0105, 0.262, 0.366, 0.418, 0471, 0523%
Exe: ;
tesperature rising rate r | 575 0628, 0.680, 0941, 10, 15, 2.0
Disension of member D (m) | 075, 15, 3.0
Note) * : reference
Table.2 Reference factor and level in numerical experiment
Factor Level Factor Level
1 [fonrste plecing ¢y [ o |1a [BRIeal (o (x) | 368
2. %éﬁ&m mc"(’c) o |15 © 0523
3. [Hinimun mesber (m) 075;0 16. |Ambient temperature (T) 0
Unit volume weight Coefficient of ka/mhrC | 20
4 Jof te_ Geom®} 2278 | 17. |f 5 transfer  (w/m'C) [(2326)
ic t w2l XgT [ 0318 N
5. |of concrete CI/%€0) (133 2)] 18 |Reservoir thickness (m) 0
ermal conducti~kil/mhrC| 2094 n
6. vty of conarots tu SmEy|G4am) 19 [Sheet thickness  (m) 0
7. 91‘"‘;': e (m/hr) [00029] 20, [Air thickness (m) 0
Unit volume veight of gro] Theraal conducti= kl’mhrT| 0518
8. jund(or old J&e/md | 2278 21 |vity of vater w/m0 (060 2)
o, [Specific heat of €C 0318 [,, [Therml conduc— &/mhr C| 08
o (J/KeT) (1.332) ©* |tivity of sheet (w/m T)](0830)
1 conducti-al mhr T{ 2094 ‘Thermal conduc— kal/mhr T| 0022
10. lvity of ground  (w/mC)i(z435)| 23 [tivity of air (w./mT) {(0.026)
n, [Termal diffusi=" 7 3, 00| 24. Curing days @| 30
12.[jit cement &e/70)| 280 |25 |Time jnterval (A1) (hr)| 30
13.|[3pe of concrete e 26.Space interval  (Ax) (m)] 025

Table.3 Effect of thermal characteristics of ground affecting to concrete temperature
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6 3.0 0.14 2.52 2, 870 32.7 3.9 55




calculation was conducted by an one-dimentional finite difference method. A case
of the heat transfer analysis model is shown in Fig. 1. In this analysis, the
thermal characteristic of the existing foundation was kept constant. The result
shows its effect on the fresh concrete temperature for members with small thick-
ness as shown in Table 3. However the effect is almost negligible for members
with large thickness.
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Fig.2 Effect of Qoo affecting to internal temperature rising amount
(Calculated value)

Fig. 2 shows the time dependent change in the temperature rise for D=0.75. The
maximum value Ty,max of the internal temperature rise with reference to the plac-
ing temperature increases with the increase in Qw. The effect of Qw is recognized.
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and Fig. 5 show the relations between Qo and Ty, max or t@e‘time
to reach Ty, max (DAY max) for different member dimensions. A strong positive

correlation is recognized between Quw and TY,max. It is Proved that Ty, max in-
creases linearly with the increase in Qw. And its rate increases proportionaly

to the member dimension.

Fig. 3, Fig. 4,

On the other hand, DAYmax, as clearly shown in Fig. 3 to Fig. 5, is almost con-



stant though Qe changes, therefore Qe has no influence

on DAYmax.
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Fig. 6 shows the result of +307% change in the Qwreference at Qw=36.8 for the
case of the member dimension of 0.75m. The Maximum value of the surface temper-
ature rise Ts,Y increases or decreases by +1°C corresponding to the change in

Qe. This increase or decrease in Ts,r is approx1mate1y equal to the change in
Qw. Although Qe changes, the time to reach the maximum value of Ts,Y does not
change. This result is similar to the tendency of the internal temperature rise.

Fig. 7 shows the effect of the emplrlcal constant y on the temperature of concrete.
The result is more complicated in comparison with the effect of Q». The charac-
teristics possiblly induced from this result is that the Ty,max increases and

the DAYmax decreases with the increase -in Y. Fig. 8 shows the relation between
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vy and Ty,max for the case of the member dimension of 0.75m.

From this result, it

is recognized that Ty,max increases hyperbolically with the increase in y and
The smaller the y, the larger the effect on

DAYmax decreases hyperbolically.

Tr,max. The results for the member dimensions of 1.5m and 3.0m are shown in Fig.

9, 10.
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tendency to the case of 0.75m was also recognized in these member
A relation between Y and the maximum value Ts,y,max of the surface

rise is shown in Fig. 11.

This indicates the same tendency as the

internal temperature rise.
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Table.4 Effect of Qoo, r affecting to concrete temperature.

i Wax. of reference| Fluctuation wide of Ir,max,
Factor th.E:l'nt internal tom.  |when factor fluctuates. ©
(m) Tr,max(T) *10% +20% +30%
10 20 30
Final adisbatic| _°7° 128 o | 8B
temperature 150 239 (10) (20) (30)
rising amount ’ i +24 48 +12
{(Qw) 0 20 30,
e 300 329 (i]a_?; j(: 6)6 i— 9.%
Boirical con | o5 | 10 | 43 | o0 | B
r
relative to 150 239 ég% $ Z)a ;12
temp.
rising rate 300 329 %) £ £

Note) - Reference of Qoo, r: Q=36.8, r=0.523
« The values of parenthesis are the rates (%) of
the fluctuation of Tr,max to the reference of Tr,max



Table 4 shows the fluctuation of Ty,max corresponding to changes in Q. and r by

the amount +10Z, +207 and +30% respectively. The fluctuation Ty,max agrees with

that of Qm. The effect of Y on Ty,max with the increase in the member dimension
is small: that is, for D=3.0m, although Y fluctuates by +307, TY max fluctuation
is approximately +1. 5°C.

Thus, the effects of Qe and r on the concrete temperature were revealed such that
the former affected Ty,max and the latter affected both Ty,max and DAYmax. Next,
a quantitative tendency of these effects was considered.

Table.5 Examination for the additivity of effects of Qoo and r

consi-
Lift | Fluctua- Fuctationof [ o ofneimal o
Feight |tion of ltuitien of indi Based heously vith | BT
(my | constant vidual constant O+@| Trymax | O+D lip " Flictuaty] @~ @ |®0/©|
7 |Qoos T [@Qe |®@ r () on of Qoeo, T *
+10%| +1a| +o1 | +21| 138 129 138 o oe
075
+30%| 4z | +eo1| +63| 138 201 202 ol o2
£10%| +33 | tos| 38| 320 | 357 362 o "
30
+30%| +os | +15| +113| 329 142 438 —u 02

Note) * Reference of Qoos I ¢ Qoo=36.8, r=0,523
* Trymax ¢ Maximum of internal temp. rising amount

" Table 5 shows-the values of TY,max for the member thickness of 0.75m and 3.0m
when Qw and r are fluctuated by +10 % and +307 respectively. In case of D=0.75m,
TY,max with the reference value being 13.8°C fluctuates 11.7°C when the two fac-~
tors fluctuate by -10%. As already stated, when Qw and r fluctuate by -10% re—
spectively, Ty,max fluctuates by 1.4°C and 0.7°C. When the sum of the both values,
2.1°C, is added to 11.7°C, Ty,max results in 13.8°C. This value corresponds to

the reference value of TY,max. When Y decreases by 107%, which causes DAYmax
increases by 6 hours from the reference value as be seen from Fig. 8. The DAYmax,
48 hours, at the value of Y decreased by the amount 107 is adjusted by the 6 hours,
which results in 42 hours. This result agrees with the reference value of DAYmax.
For the member dimension of 3.0m, the similar relationship holds. From the above
result, it is proved that y affecting the concrete temperature can be evaluated
separately and furthermore respective effect can be estimated by superimposing.

The calculation of mass concrete temperature rise proposed in this study stands

on the basis of this relationship.

2.2 Thermal Characteristics of Concrete

According to Tokuda's study[6], the range of the specific heat C of concrete is
from 0.2 to 0.8 kcal/kg®C (537 - 3349J/kg°C) and the range of the thermal con-—
ductivity A is from 0.5 to 3.0kcal/mh°C (0.582 - 3.489W/m2°C). And the range of
the thermal diffusivity is from 0.0003 to 0.0088m?/h. This study examined the
effect of the thermal characteristic affecting concrete temperature,

Fig. 12 shows the relation between h® and Ty,max for the 1.5m thick member.

Ty,max decreases hyperbolically w1th increase of h?, but the smaller the n?,
greater the effect on Ty,max. If h?is in the range of 50 x 10~4 to 60 x 10"4m2/h
its effect is only about 1°C.



Table.6 Factor and level

Factor Level

eor kcal /kgC | 02,03,04,05.08
Specific heat ") ir) (0.838,1.257, 1676, 2095, 3.352)

Thermal | | kcal/mhr T [05,1.0,20,30, 4.0
conductivity (W/mc) [(0582,1.163,2326,3489,.4.652)

Member dimension (m) | 075, 15, 30
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Fig.12 Relation between h? and Tr,max Fig.13 Relation between h2 and Ts,r,max

Fig. 13 shows the relation between h? and Ts,y,max for 1.5m thick member. The
relation between Ts, Y,max and the thermal characteristics of concrete cannot be
correlated solely by h® as the case of Ty,max. In Fig. 13, if h2? is constant,
Ts,Y,max increases with the increases of C and A. And Ts,Y,max increases in pa-
rabolily with the increase in h?. 1In the range of h? of ordinary mass concrete,

20 x 10~4 - 40 x 10~% m?/h, the effect of h? on Ts,Y,max is considered to be within
5°C approximately. :

2.3 Placing Temperature

The effect of the placing temperature Tp on concrete can be considered in the
adiabatic temperature rising characteristics. When T, goes up, Qw decreases and
Y increases. Accordingly, since Q» decreases for a higher Tp, Ty,max also de-
creases. But since Y increases, Ty,max increases.

Table 7 is the result from the statistical analysis of a concrete temperature
measured in slabs. The appropriateness of the regression formula shown in Table

7 was examined. In the case of Tp=20°C and D=0.75m, the regression formula shown
in Table 7 gives Ty,max=14.4°C, Ts,y,max=8.2°C and DAYmax=1.4days. While the
values calculated by a finite difference method resulted in Ty,max=13.8°C,
Ts,Y,max=3.6°C and DAYmax=1.9days as. shown in Fig. 3 and Fig. 6. Ty,max agrees
well with these calculations. But deviations are recongnized in both Ts,Y ,max
and DAYmax. In consideration of the fact that the heat transfer rate B=20Kcal/



m2h°C (23.26W/m?°C) calculated by the finite difference method is larger than

the measured value, the difference between the both calculated values is consid-
ered to be small. Thus, although the precision in the regression formula needs

further examination, it is considered that the effect of the placing temperature
can be evaluated qualitatively by this formula.

Table,7 Relation betvecn Tp and the characleristic value on
concrete temperature

m is- S“l?mjf”‘ (E“gt m ;Ejég%ﬁ Regression equation

Tr, max 64 044 Tr, max=0188Tp+106
Ts, r, max| D=075 50 035 Ts, r, max = 0125Tp+57
DAY max 64 —058 DAYmax =—0032Tp+202
Ts, r, max [0 75<D<55] 73 030 Ts, r, max=0314Tp+87
DAY max 1.0=D=15 71 —082 DAYmax=—0023Tp+181

From the result in Table 7, a positive correlation is recognized between Tp and
Ty,max, Ty,max increases as Tp increases. Ts, Y,max is also the same as T Y, max.
These facts indicate that the effect of the increase iny is more significant than
the effect of the decrease in Qw due to the increase in Tp. DAYmax results in a
small value with the increase in TP. The effect of Y is recognized.

2.4 Ambient Temperature

The effect of ambient temperature was examined by a numerical analysis as well as
by measured values. Table 8 shows the various factors in the numerical analysis.

Fig. 14 shows the relation between the member dimension and Ty,max with the ambient
temperature Ta and Tp as input parameters. Ty,max increases as the ambient temper—
ature increases, but the rate is reduced as the member dimension increases. When
the member dimension is about 4.0m, the effect to Ty,max is hardly recognized.

Table,8 Factor and level

Factor Level

Ambient temp. (c) | -10

Member dimension (m) | 075, 10, 20, 30, 40

Placing temp. (t) |10, 20, 30
Final adiabatic temp,
rising amount Qo)
Empirical constant r | 0.446, 0892, 1338

351, 313, 299

* Ambient temp. is absolute value.

Fig. 15 shows the relation between Ta and Ts,Y,max. A positive linear correlation
is recognized between Ta and Ts,Y,max. The fact that Ts,Y,max increases with the
decrease in Tp is due to a large inflow of heat through the boundary into the mem-
ber as the ambient temperature rises. From the result in Fig. 15, it is considered
that the effect of the member dimension on Ts,Y,max is almost nothing.

Next the author examined the effect of Ta on the concrete temperature through the
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measured values. Table 9 shows the result of statistical analysis. The tendency
of Ty,max to increase as Ta, increases as shown by the result of the numerical
analysis is also recognized in the measured values. Furthermore, the same result
holds for Ts,Y,max.

Table.8 Relation between Ta and characteristic value
'on the concrete tewperature

| Sﬁgcteristic g%mggga :::%:f:: Regression equation
Tr, max (C) 64 0.52 Tr, max=0199Ta+1110
Ts, r, max (C) 58 040 Ts,r,max=0.340Ta+9.53
Tm, max (C) 35 0.97 Tm, max=1067 Ta+13.79
DAY max (B) 64 -050 ' DAYmax=—0.025Ta+1.81

2.5 Member Dimension

From the result of the numerical analysis shown in Fig. 14, the tendency that

TY,max increases parabolically with increasing in the member dimension is re-—

cognized. It is proved that Ts,y,max dependents on the member dimension as in
Fig. 15.

Table 10 shows the result of statistical analysis on the measured values. The
result of the numerical analysis showed a positive correlation between member
dimension and TY,max. It is confirmed from the measured value analysis that the
correlation between member dimension and Ts,Y,max is small and the effect of the

member dimension on Ts,Y,max is very small,



Table.10 Relatxon betveen member dimension and characteristic
he concrete temperature
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2.6 Heat Transfer Rate

Table 11 shows the various factors in the numerical analysis.

Table.1l Factor and level

Factor Level
Coefficient of | 0001,1,10,20
heat transfer #|30.40,50,100,1000
keal/mhr T 0.001,1.163,11.63,23.26
W/ T (34.89,4652,58‘15,116,3,1]63

Member dimension| ¢;5 15
D (m)

Fig. 16 shows the relation between heat transfer rate B and TY,max. TY,max de-
creases hyperbolically with increase in B. For 8 of about 10 Kcal/m2h°C (11.63W/
m2°C) or more, the rate decrease in TY,max is small and, although B changes from
10(11.63W/m*h) to 1000Kcal/m?h°C (1163W/m2°C) Ty, max changes only by about 2°C.
From this fact, the effect of 8 on Ty,max can be regarded negligible. In the range
of B =5 to 30Kcal/m’h°C (5.815 to 34. 89W/m2°C) a common range for mass concrete,
TY,max fluctuates by 2 to 3°C.
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Fig.17 Relation between B and Ts,r,max



Fig. 17 shows the relation between B and Ts,Y,max. With an increase in B ,
Ts,y,max approaches to 0°C and when B=1000Kcal/m?h°C (1163W/m?°C), Ts,Y,max
becomes approximately 0°C. The effect of 8 on Ts,Y,max is larger and in a

common range of B of 5 to 30Kcal/m?h°C (5.815 to 34.89W/m2°C), Ts, Y,max fluc-
tuates by about 10°C.

2.7 Curing

The effect of curing on the concrete temperature was examined by a numerical anal-
ysis by evaluating the heat transmission coefficient on the member surface.
Table 12 shows the various factors in the numerical analysis.

Table.12 Factor and level

Factor Level
Coefficient of | 0.20,038,094,167
heat transfer 204,345,833,100
kcal/mhr € (0.233,0‘442,1.093,1942)
W,/mT ) 2373,4012,9688,1163

Member

dimension D M | 075, 15, 30

Ambient

temp, T2 (O 0, 10, 20

Placing

temp. Tp (C) 20

Fig. 18 shows the relation between U and TY,max for 1.5m thick member. TY,max
decreases hyperbolically with increase in U and its rate of decrease increases as
the ambient temperature drops. Furthermore, the rate of decrease in TY,max
reduces as the member dimension increases. When the member dimension is about 3m,
the effect of U on TY,max is almost negligible.
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Fig. 19 shows the relationship between U and Ts,y,max. Ts,Y,max decreases hyper-
bolically with increase in U. When U is constant, a tendency is recognized that
Ts,Y,max increases proportionally with increase in Ta. This increasing rate reduces
with decrease in U. Since the member surface approaches an adiabatic condition
with decrease in U, it is recognized to be independent of Ta.

3. PROPOSAL OF A MASS CONCRETE TEMPERATURE CALCULATION

3.1 Calculation Procedure

For an examination of the mass concrete thermal crack control, the following char-
acteristic values on the concrete temperature must be evaluated. These character—
istic values are the maximum value TY,max of internal temperature rise, the
material age DAYmax that cause TY,max, the maximum value Ts,Y,max of surface
temperature rise, the age DAYs,max that cause Ts,Y,max and TY,max and Ts,Y,max in
7 days and 14 days. These characteristic values may be analyzed by a finite
element method. However, if a highly accurate result can be obtained by a simple
calculation, it is considered to be significant in the practical use. The methods
proposed by Yanagida, ACI and Nojiri are in line with this procedure.

The author clarified the effect of various factors affecting the concrete temper-
ature by the numerical analysis and the measured value analysis as stated above.
And the author clarified also that the relation of an additivity hold for between
the concrete temperature and the adiabatic temperature rising characteristics.
From these results, author proposes the following simple calculation for the con-
crete temperature.

Fig. 20 shows the flow of calculation. The standard curves calculated by the
reference condition (C=0.318Kcal/kg°C), A=2.094Kcal/mh°C (2.435W/m2°C), h2=
0.0029m?/h, Q==36.8°C, Y=0.523, Tp=Ta=°C, B=20Kcal/m?h°C (23.26W/m2°C) as shown
in Fig. 21 are corrected in order by the calculated conditions to obtain the
required results. The effects on the concrete temperature due to each factor are
evaluated separately, and each effective amount is superimposed to the results
of the reference conditions. Although the reference conditions of Tp and Ta are
taken as 0°C, these absolute values are 20°C. The correction, when there is a
difference between Tp and Ta, is carried out by Step 6, but a strict correction
shouldbe carried out by Fig. 14 and 15. The concrete temperatures after 7 days
and 14 days should be calculated using the temperature dropping rate defined by
the following formula.

Internal temperature dropping rate=(Ty,max — Tt max) /Ty, max

Surface temperature dropping rate =(Ts,Y,max —-Tg,y’max)/Ts,Y,max

Where, T%,max is Ty,max in t days and Tg,Ymax is Ts,Y,max in t days. Since the

effects ofy, h? and U were recognized to be larger in the result examined on the
effect of the factors affecting the temperature dropping rate, these effects were
decided to be calculated by the three factors. The effect to Ta should be con-
sidered on U. Fig. 22 and 23 show the figure for determination of the dropping
rate to . :

The analyses of the reference conditions are carried out for a slab model.

However, for walls with doubled heat radiation it was recognized to have a tend-
ency almost agreed with that of the slab as shown in Fig. 24. Accordingly, even



. Setup ot tne conditions
Step 1 | pecessary to calculation
@) Q;o @ Ir
® WorD @ Tp
® Ta ® h?
@ # ® U
Step 2 . Obtain the

reference of a temperature
rise by the condition of

@ Wor D
Step 3 : @ Qw,
® Correct by r
Step 7. @r ,®VWorD,
@Tp, ®Ta, Obtain the tempe-
rature dropping rate according to .
N e . Step 4
the condition of U Correct of h?
Step 5 ¢
Correct of B
Step 6
Correct of U
e Tr,maXx,DAYmax
_________ Ts,r,max,DAYs,max

Tr’,max,Ts’, r,max
Tr", max,Ts)'r,max

Qoo : Final adiabatic temperature rising amount {(°C)

r :Empirical constant on the temperature rising rate

¥,D: Wall thick, Lift height (m)

Tp :Placing temperature (°C)

Ta : Ambient temperature (°C)

h? : Thermal diffusivity (mf/hr)

B : Coefficient of heat transfer (kcal/mihr’C)

U : Coefficient of heat transmission
Tr,max : Maximum valve of internal temperature rising amount C)
Ts,r,max ¢ Maximum value of surface temperature rising amount (*C)
DAYmax : Age that indicate Tr,max (hr)
DAYs,max : Age that indicate Ts,r,max (hr)
Tr7,pax : ¥aximum value of internal temperature rising amount for 7 days of the age (°C)
Tr!*,max : Maximun value of internal temperature rising amount for 14 days of the age (°C)
Ts7,r,max : Maximun value of surface temperature rising amount for 7 days of the age (°C)
Ts!4,r,max ¢ Maximun value of surface temperature rising amount for 14 days of the age (C)

Fig.20 Flow of simple calculation
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for a wall shape mass concrete, the proposed method is considered to be applicable
though the accuracy somewhat decreases.

The corrections for h?,8 and U are shown in the cases of D=1.5m,Ta=10°C and Tp=20°C.
Where, these are taken as h2=0.0033m2/h, 8=12Kcal/m2h°C (13.956W/m2°C) and U=5.2
Kcal/m’h°C (6.048W/m?C). Since h? from Fig. 12 is larger by 0.0004m2/h than the
reference value of h?=0.0029m?/h, Ty,max ~1.0°C corresponded to its difference is
added to it. Subsequently, from Fig. 16, sinceB is smaller by 8Kcal/m2?h°C
(9.304W/m?°C) than the reference value of 12Kcal/m2h°C (13.956W/m2°C), the dif-
ference +0.8°C of TY,max corresponds to it is added to the reference value of
TY,max. The correction of U should be carried out by ......, line in Fig. 18
because the difference between Ta and Tp is 10°C. Since U=5.2Kcal/m?h°C (6.048W/
m?°C) is smaller by 14.8Kcal/m?h°C (17.212W/m2°C) than the reference value, the
difference 1.3°C corresponds to it sould be added to the reference value of TY,max.
Thus, the differences from the reference values are superimposed for correction and
Ty,max for the given condition can be calculated.

3.2 Examination of Adaptation Due to the Measured Value

The author examined the adaptation of the proposed simple calculation procedure for
the measured values in an actual structure. Table 13 shows the measured values
and the calculation condition.

Table.13 Measured value to actual structure used to the examination of adaptation

Calculating condition Measured value
Name of ] [Coatfi- TCoetti=
the jsed  |Placing| Thermal Nember (Ambient |cient
ured |coments |tese. - |diffu- | o dimen- |temp, [of heat ‘t’,.j.:&.
neas Unit sivity e R sion ssion  |T7ymax | DAY max|Thy, max|DAYamax\Tr, max [Tsly, max|Tr™ max | Tyl max
field |cement | p, " D Ta 4 U
content N Wl |l
ww) | (O [ msned fO) (m) Q) |mhrC |mheC | (0) | (e | fO) | (hrd) | o) fc) tc) | o
(w/mTY (W /mO)
N P
A 113 00025 | 350 | 0631 | 20 65 [ 100 [ 912 | 300 | 50 | 35| 48 | 229 [ -20 | 118 | —31
250
1163)|10607)
N P
B 129 {00027 [ 430 {0797 | 18 | 100 | 200 | 152 | 341 36 | 151 | 24 | 221 39 | 161 | 21
298
(2326)|(17.678
N P
c 177 100025 | 370 | 0690 | 40 | 146 | 200 | 252 | 375 | 120 { 132 | 86 | 372 | 85.| 332 | 34
260
(2326)| 293D
N P
D 294 (00027 | 340 | 1161 | 39 | 293 | 200 | 186 | 346 | 72 | 106 | 120 | 326 | 46 | 266 | 26
240
(2326)|(21632)
MBB
E 295 00027 | 40.1 | 0892 | 075 | 305 | 200 | 682 [ 210 | 34 | 130 22| 107
280
(2326)|(1.932)




uoT1ENIONT ¥

£90 810 960 820 9Vv0 v 90 220 €00 Jo
JUSTOTIIS0)

. . . . . . . . QoueT.IRA PBSRTQUN
ot 910 812 S$20 81v0 €L0 VEO €00 76 7001 DIENbS

T anjeA poanseay

5Ll 060 922 060 S0l vt LSl 1ot /301eA pajendTe)
Jo anfeA 93eJaAy

9Vo | 6V 891 L€ 980 | 211 S 6¢ L60 | V02 q
LLO | 0%C L80 A4 2L0 | €¢ 660 | 2¢ce |oOvOo ] 8Y §60 | 86 891 1zt S0l {'29¢ a
L6'% 101 180 oLe L8l 661 960 | LSsE | 911 001 vL 0€2Z | el 861 101 08¢ 9
980 | 8t 8L0 XA 00t 6t Lol Lee [ A 6°¢ 8v0 | €L €02 | €L 201 8rve il
6€C | €V Vi sel SbS | 68 201 VES 1 6L0 | 8¢ 607 | €L 891 Ve 00t 00¢ v

onfea anoA onfea onjeA onjes onjea ongeA anfea
poanseoR | entwa | POINSEK [ onpoa poanseol | onfea Pamseol | onjea pomEeok | ongea POINSER | onpea POMSEIR | onpea pomseay | on[eA
Tonpen | PRI} Tohen  [POVRIROIM)| Tonpaa  [PIRINOTSD Tonea [PIRINOTeD | oot POWINOTRY| Torrer T |POWITR)| g, [POTITR ooy pose{noTe)

e[MITR) calied 38N payeInd]
poreno[®) paye(nof {no[e) payeIno[®) POIR[NI[®) (Ui PRSINARY PRI PIST] paanseaw
(0) xew sy, | (o) xewiay, | (0) XPW s | ) xewyag, f Emxewesgy | (0) Xew tats, | (U)X PUAYA (0) xwwey, syy jyo smey

poyau s*aoyany

poyeu pasodoad 8y} 03 FUTPJIoVOR S1TNSAI pa]e[NOTRD. anjeladie} 932I0u0) §[ a1qe]



Table 14 shows the calculated results of the mass concrete temperature according
to the proposed method. The results are recognized to be in a good agreement in
the calculated values and the measured values of TY,max, T} pay and T#:max'

The average values of the ratios of the calculated values to the measured values
are 1.01, 0.90 and 0.90, respectively.

3.3 Comparison of Various Calculations

The proposed method was examined in comparison with various calculations. The
compared calculations are the finite defference method , the finite element method,
Yanagida's method and ACI method.

Table.15 Concrete tewperature calculated results aéoording to various calculations

Finite Difference Method Yanagida A c 1
Name of the Tr. max (T) | DAYmax (he) | Ta.eumax (€) | DAYs.maxthe) [T, max (O | Tér.max (©) [T¥max () | Tétr,max (C) | Tromax  (C} | Tr,max () | DAYmax (hr)
seasured field tcolned [corortated Caleulated [Cicuteted [Cocuteted lentatad fatatad — Celexiana [Clotaied ——
[Cotoutated] Yolie cateutatedf _valve lcalcutatad Vel caloutated) _valoe Calculated] velie fColculated el Katculatod| ¥l lcyicutates] Vel fCicytated| V1 (Calculotad | oI0®. [caleulated - ¥alen
value | Toamrsd | vale | Rosmred | valos | Rasured | valos | Noemwed | veluo | Woamred | volve |Wessared | volue | Sowmrwd | velve | ewsurcd |  value | Wemswed |  velie | Nasmyred |  valos | ¥
valve valus valos walue valus value value valve value value valus
A 289 | 096| 90 180 | 87|249| 48} 100|257 112| 32|260| 160 36| -25( 081 364 121 175|058 86| 172
8 343 101 | 66| 183 | 52| 034| 42| 175(244|110| t7| o044 t14|071]-r2|157) 4a1| 118]| 206|060 76| 211
c 362|097 156| 130|182 138 138|160 361|097 |170| 200|329 099 as| c24| 493| 131|281 075|134 112
D 384 11| 84| 117 | 90| 085| 69| 058|354 109 15| 033(300( 113|~-13)150| 453| 131|310 as0| 86| L19
E 210|100 361 106|144 L11| 30| 136|146]136| ~ 192|091 | 156| aza| 24 an:
(Iverags valos of
Caloulated value/_ 101 143 123 126 113 134 105 103 1ie a71 137
Noasured value 7
fexridbinad 06 |- 36 080 047 a4 113 027 063 ate 013 0s5
Confficient
Qo6 025 065 037 a1z 084 az2s ast ars arg 040
huctuation

Finite Element Method

Tro max (T)| DAYmax (hr) | Ta.r.max (C) | DAYs,max(tr) | Timax (T [ Toor,max (O [ Trtmax (O [ Tdr,max (T)

Yame of the
wessured field featcutatad] featcutated| feateutated] [Caloulated| [Cateutatedt [Calcutated Jeotcuted Calculated]
[Catcutatad] _Yolom fcalculated] VSI9® lcyrcututed] _¥elot lcuculated] valve lcaiculated| ¥ole lcalculated] Va9 leaicutated]  veloo (Calcstated| volve
alve| Soasared | valus. | Noamrad | valus e Vale | oamrwd | volos | Neasired |  value | Namured |  valos | Nesmared
valia value Value valie e alua | vele valie
T
A 2724|091 96| 192| 78 ;223| 48| 100| 243|106 39| 295|181 136 -10] Q32
B 336 ) 099 72| 200 as | 058 24| 100|251 | 114 30| 077 143} 089 a9 | 043
c 350(093| 144| 1.20| 242|183 | 84| 098 | 248] Q94 (219|258 (31.8|C96| 163|479
[ 312|090| 72| 100| 55052 24]|020|2a3|a87|-at| 189|229 86| 47| 281
E 222|106 48| 141 144111 | 24|l r09] 61| as7 -
Rvarses value of
Calculated value/_ @96 151 125 08s 092 205 102 209
Noasured value ¥
Square root of
frcs i o N 007 044 ars 037 022 096 a23 214
CanfTicient
of ao7 az9 061 044 024 047 023 102
floctuation

Table 15 shows the result of comparison. Each calculated value/measured value of
TY,max,T;’maX and T;?max according to the finite difference method is 1.01, 1.13
and 1.05, respectively. In the finite element method, it is 0.96, 0.92 and 1.02,
respectively. And the coefficient of fluctuation of the calculated value/meas-
ured value is 5 to 257, which is almost similar to that of the proposed method.
Especially, TY,max results were consistent approximately from each method of the
proposed, the finite difference method and the finite element method, but the
coefficient of fluctuation calculated by the proposed method is smaller than that
of other two methods. Accordingly, the proposed method was adjusted according to
the results from more involved analysis methods of the finite difference and the



finite element.

Next, the simple methods of Yanagida and ACI are examined for comparison. The
calculated results using these methods are shown in Table 15. The result shows
that the Yanagida's method gave a higher result and the ACI method gave a lower
result. The coefficients of fluctuation of the calculated value/measured value
of Ty,max are 14% and 187, respectively, which are 4 to 6 times of those of the
proposed method. Thus, the proposed method was proved to give a highly accurate
mass concrete temperature compared with the conventional methods. The verifica-
tion on the average value ¥ was conducted by a statistical method. The result
was recognized without a significant difference between the proposed method and
the finite difference method and the finite element method. While a significant
difference was recognized between the proposed method and the Yanagida's and ACI
methods by 17 of the significant level.

From the above, the proposed method by the author was shown to be applicable for
calculating a mass concrete temperature with the similar accuracy to the finite
difference method and the finite element method.

4. SUMMARY

This study examinated the effect of various factors affecting a mass concrete
temperature by the numerical analysis and the measured value analysis. Proposal
of a simple calculation of the mass concrete temperature on the basis of these
results was given. The results are as follows

(1) A highly possitive correlation exists between the final adiabatic temperature
rising amount Qw and the maximum value TY,max of the temperature rise with
relation to placing temperature. The TY,max increases linearly with increase
in Qe . Qw affects little to the time DAYmax to reach TY,max. -

(2) Ty,max increases hyperbolically with increase in the empirical constant Y for
temperature rising rate and DAYmax decreases hyperbolically.

(3) The effects of Qo and Y affecting the concrete temperature can be evaluated
separately and the both effects can also be evaluated through superimpose of
the individual effect. .

(4) In the range of the thermal diffusivity h? for a common concrete, the effect
of h2 affecting Ty,max is within approximately 3°C. And the effect to the
maximum value Ts,Y,max of the surface temperature rise due to the placing
temperature is within approximately 5°C.

(5) T.,max increases as the ambient temperature goes to higher, but the increas-
ing rate reduces with increase in the member dimension.

(6) The ambient temperature and Ts,Y,max approach follows a linear relationship
and Ts,y,max increases as the ambient temperature goes to higher.

(7) Ty,max increases parabolically as the member dimension increases,' but effect
of the member dimension affecting Ts,r,max is small.

(8) 1In the range of a common heat transfer rate, Tr,max fluctuates by 2 to 3°C
and Ts,r,max fluctuates by about 10°C.

(9) Ty,max and Ts,Y,max decrease hyperbolically with increase in the heat trans-
mission coefficient.

(10) The simple calculation procedure for a mass concrete temperature proposed by
the author on the basis of the additivity can estimate the mass concrete
temperature in a similar accuracy to the finite element method.
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