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Abstract

In Part I, empirical relationships between compressive strength and splitting tensile strength or elastic modulus with temperature and
aging were proposed. This paper investigates new prediction models estimating splitting tensile strength and elastic modulus without
knowing compressive strength. The prediction model is suggested on the basis of the equation that was suggested to predict compressive
strength. The mechanical properties calculated by the model are compared with empirical results presented in Part I. To evaluate in-place
applicability of the model, the empirical data on strength and elastic modulus of concrete cured at variable temperature are compared with the
values estimated using the prediction model. The prediction model properly estimates the strength and elastic modulus of Types I and V

cement concretes cured at constant and variable temperature conditions. © 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Many of the existing evaluations on the influence of
temperature and aging on the mechanical properties focus
primarily on compressive strength, and only a few of
prediction models are available for estimating elastic modu-
lus and splitting tensile strength [1-4]. However, it is
important to estimate the elastic modulus and splitting
tensile strength as well as compressive strength because
stress is calculated based on elastic modulus and crack
initiation is estimated based on tensile strength. For
example, nuclear containment structures made of concrete
must be able to control cracks to maintain good air tight-
ness. In order to control the thermal cracking of a contain-
ment structure, the temperature distribution of the structure
must be obtained to analyze the heat of hydration and the
temperature stress must be calculated based on the temper-
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ature gradient and elastic modulus. Temperature stress, if
greater than tensile strength, induces thermal cracking. In
this process, it is not necessary to estimate the compressive
strength if the elastic modulus and splitting tensile strength
are calculated by the prediction model. Therefore, it is
important to propose the prediction model of elastic modu-
lus and splitting tensile strength as well as that of com-
pressive strength with temperature and aging.

The objectives of this study are to propose a prediction
model estimating the mechanical properties with temper-
ature and aging, and to evaluate the validity of the predic-
tion model.

2. Prediction model

A prediction model was proposed in Ref. [4] to estimate
the compressive strength development with temperature and
aging. This model reduced the shortcomings of previous
models and reasonably approximated the experimental
results for compressive strength. This paper investigates
the effectiveness of this model as a tool for predicting
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Table 1
Limiting relative strength (or limiting relative elastic modulus) (R,)
Rll
Temperature Compressive Elastic Splitting tensile
(°C) strength modulus strength
10 1.35 1.14 1.23
23 1.16 1.05 1.09
35 1.08 1.02 1.04
50 1.02 1.01 1.02

All regression results are based on the experimental data of Type I cement
concrete.

splitting tensile strength and elastic modulus. The following
equation is the prediction model proposed in Ref. [4].

S 1
=R 1- (1)
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where S is the compressive strength, S,g is the 28-day
compressive strength at each curing temperature, R, is the
limiting relative compressive strength with R, =S./S>g, S, is
the limiting compressive strength, A4 is a constant, R is the
gas constant and equal to 8.3144 J/K-mol, 7; is the curing
temperature at time step i (K), Ey is the initial apparent
activation energy (J/mol), o is a constant, #; _ | is the initial
age of time step i (days) and ¢ is the final age of time step i
(days). This equation involves five unknown parameters, R,
to, Eo, o and A.

The apparent activation energy can be interpreted at the
micro- or macrolevel. At the macrolevel, the apparent activa-
tion energy is related to the rate of increase of the compressive
strength—age curve. Therefore, if the model is applied to the
elastic modulus or splitting tensile strength of which the rate
of increase is different from that of the compressive strength,
the regression curves will have different apparent activation
energy according to the mechanical properties. On the other
hand, the apparent activation energy at the microlevel is a
function of the cement hydration and will have a constant
value for all mechanical properties. Many researches [5—7]
propose that the apparent activation energy is related to the
hydration process of cement. Therefore, it is assumed that the
apparent activation energy is the characteristic property of
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Fig. 1. Limiting relative strength or elastic modulus.

R 104
%)
3
£ 08+
(2]
c
& ]
] <
o 061
= la
o i
S 044q%°
CE, [ ] Curing temp. 10 °C
: 024° ® O Curing temp. 23 °C
% 1 A A ---.Curingtemp.35°C
© 4 4 - Curing temp. 50 °C
X 0.0 -+ T

1 10

Age (days)

(a) Type I cement
1.0
0.8 1

064

Relative compressive strength (S/S,,)

04+

" O Curing temp. 10 °C
02- ® O —— Curingtemp.23°C
|: A A ---. Curingtemp.35°C
4 4 - Curing temp. 50 °C

0.0 ’

1 10

Age (days)

(b) Type V cement

Fig. 2. Compressive strength.

concrete and has a constant value for all mechanical prop-
erties. Therefore, the following equation of apparent activa-
tion energy suggested in Ref. [4] for estimating compressive
strength can be used to predict splitting tensile strength and
elastic modulus:

E = Eoe_w t>1t (2)

Ey = 42,830 —43 T° (J/mol) (3)

o = 0.00017 T (4)

where E| is the initial apparent activation energy (J/mol), o is
a constant and 7° is the curing temperature (°C). The rates of
increase of splitting tensile strength and elastic modulus are
dissimilar to that of compressive strength and must be
considered in Eq. (1). The difference in rates of increase can
be estimated by modifying the constant 4 with the mechanical
properties. 4 values are determined based on the regression
results of experimental data of other researchers [1,4,8—10]
and this paper. 4 values of compressive strength, splitting
tensile strength and elastic modulus are 1.0 x 107, 2.5 x 10’
and 5.0 x 107, respectively.
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Fig. 3. Splitting tensile strength.

The #, value of Eq. (1) is related to the setting time of
concrete. Portland cement concrete remains in the plastic
state for several hours before the setting time. Because the
setting time is the characteristic property of concrete,
compressive strength, splitting tensile strength and elastic
modulus will have the same #,. Therefore, the following
prediction equation, which was proposed to estimate the
compressive strength in Ref. [4], can be used to estimate the
splitting tensile strength and elastic modulus.

fo=10.66—0.011 T° > 0. (5)

In summary, three of the five unknown variables in Eq. (1)
can be estimated using Eqgs. (3)—(5) and 4 value is deter-
mined (see also Eq. (2)). Lastly, R, can be obtained by
analyzing the experimental results of Type I cement con-
cretes of Part I. R, values are tabulated in Table 1. The
following prediction equations of R, for Type I cement
concrete are proposed based on the regression results:
for compressive strength,

1

R, =204 T >1 (6)

for splitting tensile strength,

0.122

Ro=162T"">1 (7)

for elastic modulus,

—0.079

R,=136T"" >1. (8)

Fig. 1 presents the regression results and the estimation
curves. The R, associated with compressive strength is the
largest of the three R, values reported in Fig. 1. Concretes
cured at curing temperature larger than 50 °C have R, near
1, and the strength and elastic modulus of the concretes
cured at temperature larger than 50 °C hardly increase at
later ages.

Figs. 2—4 compare the prediction curves with the experi-
mental results. The difference between calculated and
experimental values with cement type and curing temper-
ature are shown in Fig. 5. As shown in Fig. 5, the difference
between calculated and experimental values is the smallest
for elastic modulus and the biggest for splitting tensile
strength. Also, the difference of Type I cement concrete is
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Fig. 4. Elastic modulus.
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smaller than that of Type V cement concrete at early ages.
This is because the general equations of Egs. (3)—(8) are
based on the experimental results of Type I cement concrete.
This points to the need of many experimental tests accord-
ing to cement type prior to proposing general equations of
apparent activation energy, f, and R,,.

Comparisons of calculated and experimental values show
that the difference of two values for elastic modulus is the
smallest of mechanical properties. This can be explained
with the concept of new prediction model. Cement hydra-
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Fig. 5. Comparison of experimental and calculated values.

>
]
® 1.0
2
EREE
=}
°
o
g 0.6+
2 w/c
© 0.4 040 050
o |8 O Curing temp. 10 °C
_az) 0.2 ® 0o ——Curing temp.23°C
ko - A A ---.Curingtemp. 35°C
&J 4 q - Curing temp. 50 °C
0.0+ ,
1 1 0
Age (days)

(a) Type I cement

Relative elastic modulus (S/S,,)

o w/c
0.41 0.40 0.50

. O Curing temp. 10 °C
0.2 ® 0 —— Curing temp. 23 °C

o A A ---.Curing temp. 35°C

4 G - Curing temp. 50 °C

OO T T

1 1 0

Age (days)
(b) Type V cement

Fig. 6. Elastic modulus by CEB-FIP model.

tion occurs all over the concrete and apparent activation
energy is related to this hydration reaction. Therefore, the
concept of new prediction model including apparent activa-
tion energy is linked to the mean property of concrete
specimen. As the elastic modulus is calculated based on
the secant modulus of stress—strain curve, the property is a
mean value of concrete. However, the strength is determined
by the propagation of the local crack of concrete. Therefore,
the new prediction model having similar concept to elastic
modulus estimates the elastic modulus accurately.

As previously stated, there are few prediction models
estimating elastic modulus or splitting tensile strength with
temperature and aging. Only CEB-FIP 1990 model [11] of
several model codes proposes an equation estimating elastic
modulus with temperature and aging. This paper compares
the experimental result with the calculated value by the CEB-
FIP 1990 model. The following equations are the predic-
tion model proposed by CEB-FIP 1990 model (Egs. (9)
and (10)):

),

ciyt=28,T¢=20 9)
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4000

273 + T<(Ar) (10)

tr =Y Atiexp {13.65 -
=1

1

where E(t7) is the elastic modulus, E;;—257¢=20 is the
elastic modulus at 28 days and 20 °C, Ay; is the age at curing
temperature T° and T° is the curing temperature during At;.
If E.(t7) is divided with E;, - 5 7¢, Ec(tr) can be presented
with the ratio of E.;;—»g7° Fig. 6 compares the exper-
imental results with the calculated relative elastic modulus.
As shown in Fig. 6, the difference between the experimental
and calculated values becomes greater at early ages and
decreases with aging. Based on comparison between Figs. 4
and 6, it can be concluded that the proposed equation
estimates the variation of elastic modulus with curing
temperature and aging more accurately than CEB-FIP
1990 model.

3. Application of prediction model into variable curing
temperature

Previous experimental specimens were cured at constant
curing temperatures. However, temperature variation by the
heat of hydration in mass concrete or the change of external
environment varies with aging. Therefore, it is necessary to
evaluate the validity of new prediction model for variable
curing temperature condition. This study performed its
experiments using concretes cured at variable curing tem-
perature. This paper compares the experimental results with
the calculated values by the proposed model.

Variable curing temperature is shown in Fig. 7. The
temperature curve of Fig. 7. is the result of the hydration
heat analysis of the tendon gallery of containment building
for nuclear power plant and the analysis is based on the prog-
ram that has been developed in KAIST [12]. Specimens were
cured in the chamber to the test ages of 1, 3, 7 and 28 days.
Mixture proportion with water/cement ratio of 0.40 was used.
Further details are presented in Table 3 of Part I. As stated in

60
Curing temp.
§
~— 504
g
2
o
8 40
€
2o
(2]
£
5 30-
(@]
20 T T 1
1 10 100

Age (days)

Fig. 7. Variable curing temperature.

-

@ 409 e

a e

<

2 0.84

g

»

o 0.6

2

»

n

2 0.4 . .

s Variable curing temp.

g k L7 - - --Curing temp. 23 °C

o 24 L7 e Curing temp. 50 °C

g m  Exp. data: type | cement

;g o Exp. data : type V cement

o 0.0+ ———ry ————rrm

x 1 10 100
Age (days)

(a) Compressive strength

%
3
= 10T
° e o id
Q e
2 o8 L -7
» H .
g e L) -, - -
(2] 0.6 K . 7
o ’
c 4
= 0.4 ,, Variable curing temp.
a 7/ - - —-Curing temp. 23 °C
z 0.2- S Curing temp. 50 °C
> ’ ®  Exp. data : type | cement
E 4 O Exp. data : type V cement
& 0.0 T T 1
1 10 100
Age (days)
(b) Splitting tensile strength
‘Q= 1.04 e PRISEE e
3 s IvLL
» i L e
g o8 m -
3 . . P -
°
o .7
g 0.64 e
Q2 //
- /
] 0.4 ’ Variable curing temp.
o0 ,' - = =-Curing temp. 23 °C
'ﬁ 0.2 /I ------ Curing temp. 50 °C
T, 1 B Exp. data: type | cement
[1d ! O Exp. data : type V cement
0.0 +———ry —————r 1
1 10 100
Age (days)

(c) Elastic modulus

Fig. 8. Mechanical properties with variable curing temperature.

Part I, compressive strength was tested according to ASTM
C 39, splitting tensile strength according to ASTM C 496
and elastic modulus according to ASTM C 469. Table 2
shows the experimental results.

As Ej and « of Eq. (1) are constant with aging, Egs. (3)
and (4) can be used to estimate Ey and o of concrete cured
at variable curing temperature. However, R, is a function
of age and temperature in variable curing temperature and
Eq. (6) cannot estimate R, of concrete cured at variable
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Table 2
Experimental results

Compressive strength (MPa)

Splitting tensile strength (MPa)

Elastic modulus (GPa)

w/c=0.40 1 day 3 days 7 days 28 days 1 day 3 days 7 days 28 days 1 day 3 days 7 days 28 days
Type 1 322 43.5 47.4 54.6 3.7 4.8 53 26.0 29.3 313 323
Type V 26.0 39.3 42.8 50.1 3.1 4.8 53 25.8 30.6 325 34.1

curing temperature. In this case, it is necessary to modify
Eq. (1) as follows [4]:

(1)

If S/S, calculated by Eq. (11) is divided by S/S, of 28 days,
S/S»s can be obtained. In Fig. 8, the solid line is the
predicted compressive strength curve of concrete cured at
variable curing temperature and the dotted lines are the
predicted compressive strength curves of concretes cured at
23 and 50 °C. As shown in Fig. 8, the new prediction model
reasonably estimates the mechanical properties of concrete
cured at variable curing temperature. Therefore, it is safe to
assume that the new prediction model can be used for
estimating the mechanical properties of in-place concrete.

4. Conclusions

This study has proposed a new prediction model for esti-
mating mechanical properties according to temperature and
aging and evaluated the validity of the prediction model.

The new prediction model using the same apparent
activation energy in all mechanical properties reasonably
estimates the strength and elastic modulus of Types I and V
cement concretes tested in Part I. In addition, the new
prediction model gives more accurate estimation values of
elastic modulus than CEB-FIP 1990 model.

To evaluate in-place applicability of the model, concrete
cured at variable temperature condition was tested. The

comparison between experimental and calculated values
showed that the new prediction model properly estimates
the variation of mechanical properties of concrete cured at
variable curing temperature condition.
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