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SUMMERY

This paper describes an experiment on thermal stress reduction of reinforced concrete
members due to cracking and discusses rational thermal design for reinforced concrete struc-—
tures of the nuclear power plants.

The thermal stresses in reinforced concrete structures, which depend on rigidity, are
self-limiting stresses. To make clear the effects of cracking on the reduction of thermal
stress, following parameters were taken into consideration:

a) Magnitude of external loads (Axial force and moment),

b) Bmount of reinforcements,

c) Temperature difference between top and bottom sides of the rectangular beam section.
The thermal stress produced by restraining the thermal deflection due to temperature

gradient was examined. The test period of thermal loading was relatively short to aveid

creep effects of concrete.

Nine reinforced concrete beams were used as specimens in this experiment, whose size
were 40cm in height, 20cm in width and 380cm in length. Two kinds of deformed bar, 19mm
and 25mm in diameter, were arranged with S5cm cover of concrete. The specimens with and
without mechanical lcads were supported by a pin and a roller at both ends, and were allowed
te deflect freely, heated 50 & 95°C at one side and cooled 10°C at the other side. To induce
and evaluate the thermal stress, the thermal deflection was restrained by applying pure
moment at both ends of the specimen. Then the pure moment was increased further until the
ultimate state of the specimen.

The summary of the experimental results are as follows.

1) When tensile stress of reinforcing bar ( di) reached near 2000 kg/cmz, resulting thermal
moment reduced to about 1/2. This means that the remaining flexural rigidity (5)
reduced to 1/2.

2) when g was around 3500 kg/cm?, B reduced to about 1/3.

3) When tensile strain of reinforcing bar reached near 5000 M, B reduced to about 1/5.

4) When T, reached near 3500 kg/cmz, the experimental values of the thermal stress agreed
well with the theoretical values which were calculated on the assumption neglecting the

conecrete tensile strength of cracked section.
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1. Introduction

Structures of nuclear power plant are subjected to thermal loads during normal operating
conditions or accident conditions. Stresses due to these thermal lcads, i.e., thermal
stresses, depend on rigidity of the member. Therefore, the thermal stresses in reinforced
concrete (RC) structures tend to decrease due to reduction of rigidity by cracking and
stress relaxation by creep effect. Various design concepts on these thermal effects have

been proposed.[l]’[2}

However, as experimental data to prove those concepts seem to be
insufficient in the present time, the thermal stresses of massive RC members induced in
nuclear power plant are, in many cases, the main factor to require large amount of re-bars.
Therefore, the appropriate design is necessary for structures of nuclear power plant to
establish the rational evaluation method of reducing thermal stress by means of experimental
studies.

Taking note of cracking effect which is one of the most important factor for rigidity,
this study discusses the reduction of flexural rigidity of RC beams under heating, con-
cerning tensile strain of reinforcement. In addition, using this test result, the reduction
of thermal moment is evaluated by secant flexural rigidity with the relationship between
moment and beam curvature. To make clear the effects of cracking on the reduction of
thermal moment, following parameters are taken into consideration:

1) Magnitude of external leads (Axial force and moment),

2} Amount of reinforcements,

3) Temperature difference between top and bottom sides of the rectangular beam section.

In this experiment, the thermal stress produced by restraining the thermal deflection
due to temperature gradient, i.e., thermal moment, is examined, while the stress produced by
restraining the axial deformation due to raising uniform temperature is not considered. 1In

addition, the test period of thermal lcading is relatively short to aveoid creep effects.

2. Outline of Experiment
2.1 Test Specimen

Test specimen is illustrated in Fig. it and particulars of the specimens are shown in
Table 1. The examined part of specimen is 40cm in height, 20cm in width and 200cm in
length. Two kinds of deformed bar, 19mm and 25mm in diameter, are used as main reinforce-
ments and 10mm in diameter as stirrups. The main reinforcements are arranged egually with

Scm cover of concrete from both sides of specimen.

2.2 Testing Apparatus

The testing apparatus is shown in Fig. 2. The specimens with and without mechanical
loads are supported by a pin and a roller at both anchored parts. Temperature difference
between top and bottom sides of the test beam section was produced by heating 50°C & 95°C
at one side of the examined part and cooling t0°C at the other side using hot and cold watex
respectively. To make uniform temperature distribution along the beam axis, both upper
and lower surfaces werxe covered by insulation material. Axial force and moment acting <n
the specimens were loaded by pushing the steel-arms which were set on both anchored parts,
using oil~jacks. The temperature distributions were measured by thermo-couples, deflections

by transducers and strains of both reinforcement and concrete by strain gages. In addition,
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tc measure strains of reinforcements after yielding, L gages were attached on the lower

surface of specimens adjacent to compressive and tensile re-bars.

2.3 Experimental procedure

In this experiment, two procedures of thermal loading were carried out to follow the
thermal conditions of nuclear power plants, such as the fuel-storage-pool. One was loaded
with the steady-state thermal force at first and then with the external forces {Type-T}.

The other was first the external lcading, next the steady-state thermal loading and last the
unsteady-state thermal loading (Type-E). Referring to the relationship hetween the moment

{M1) and beam curvature (¢’) shown in Fig. 3, the loading procedures are explained as follows,

1) TYPE-T

a) The specimen was allowed to deflect freely, heated 75°C at one side and
cooled 10°C at the other side.

b) After the temperature distribution reached to the steady-state (about 19 hours
later), the external axial force was loaded to the specimen and then the free
thermal deflection was restrained by applying pure moment at both ends of the
specimen. ]

c] The pure moment was, subsequently, increased until the ultimate state of the

Specimen.

2) TYPE-E

a} Axial force and pure moment as external loads were added to the specimen.

b) EHolding the external loads, the specimen was allowed to deflect freely by
heating 50°C at one side and cooling l0°C at the other side.

c) after the temperature distribution reached to the steady-state (about 17 hours
later), the free thermal deflection was restrained by applying pure moment.

d) Heolding the above state, specimen was allowed to deflect: freely, heated
up to 95°C rapidly at hot side.

e) In an unsteady-state of non-linear temperature distribution across the beam
section {about & hours later), the free thermal deflection was restrained by
applying pure moment.

f) The pure moment was, subsequently, increased until the ultimate state.

3. Evaluation Method of Experimental Thermal Moment

With and without initial loading, experimental thermal moments are evaluated by the pure
moments restraining the free thermal deflections. As in Fig. 3, the thermal moment after
restraining the free thermal deflections in the Type~T is evaluated by dividing the results
of experimental moment (M) into thermal moment and external moment. In this dividing
procedure, the secant flexural rigidity (EI ) which is a gradient of the line connecting
initial loading point to arbitrary point on M—? curve is used. Therefore, the external

moment can be chosen-arbitrarily and the thermal moment (My) is defined in a following

Mr = & x (EI) (1)

where g&r is the free thermal curvature calculated from the deflection due to the

equation.

temperature gradient across the beanm section at steady or unsteady-state.
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4. Experimental Results

Typical temperature distribution across the beam section is shown in Fig. 4. It is
observed that the temperatures distribute almost linear attaining steady-state.

Equivalent coefficients of linear expansion {gl) of specimens are shown in Table 2. The
coefficient @l is cbtained by the free thermal curvature (qﬁr) and the corresponding

equivalent temperature gradient ( AT/D ) and the coefficient ¢ is defined in a follow~

ing equation.
o = C]"bT 2)
(4 1/p) (

where (AT/D) is a temperature gradient replacing the nonlinear temperature distribution to

equivalent linear distribution shown in Fig. 4, based on equilibrium with elastic thermal

forces (axial force and moment) due to these temperatures. The coefficients ¢4 in Type-T
were nearly 1 x 10_5/°C used generally, while the coefficients ¢% in Type-E were about
80% of the values in Type~T on the steady-state and about 60% on the unsteady-state.

In Type-E, the deflections due to external forces were increased by thermal creep and
extention of cracks. BAs a result, the apparent thermal deflections were decreased.

Typical Af-¢ relationships are shown in Fig. 5. Using these M-~ 9 relationships, the
experimental thermal moments were evaluated by the method described in Section 3 and the
reductions of flexural rigidity were also investigated.

Typical relaticnship between the moment and strain of reinforcement is shown in Fig. 6.
Strains of tensile reinforcement measured from strain gages almost agreed with strain wvalues
of J gages which were the average strain through the examined part of specimen, just before
yielding of tensile reinforcement. Based on the above results, it was confirmed that the
strains of 7L gages could be used as the strain of tensile reinforcement after yielding.

Typical crack pattern is shown in Fig. 7. 'The cracks distributed uniformly on the
whole area of the examined part of specimens. &nd it was observed that the initial cracks
tended tc cccur near Stirrups.

Fig. 8 shows the relationship between the experimental thermal moment and the external
moment for all specimens.

Followings became clear from Fig. 8.

1) The thermal moments decrease with an increase of the external moments.

2) The thermal moments increase with larger amount of reinforcements, when the speci-

mens are subjected to the same axial force.

3} The thermal moments decrease with the order of compressive loading, non-axial
loading and tensile loading when the specimens are arranged the same amount of
reinforcements and are loaded by the different axial forces.

The relationships between the coefficients of remaining flexural rigidity { EI/Elo } an

both the stresses {(Js) and the strains (Eg) of tensile reinforcements are shown in Fig. 9.
Symbol EIp denotes the initial-tangent-flexural-rigidity of specimen and EI denotes the
secant-flexural-rigidity corresponding to Js and453 . The tensile stress of reinforcement
was calculated by the maximum value of the strain gages and E:S was the strain of Jr gages.
Followings became clear from Fig. 9.

1) Wwhen (s reached near 2000 kg/cmz, the coefficients of remaining flexural rigidity
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( EI/Elo} reduced to about 1/2. This means that the thermal moment reduced to 1/2
2} When (g was around 3500 kg/cmz, EI/Elo reduced to about 1/3.

3) wnen g s reached near 5000 4, EI/EIo  reduced to about 1/5.

5. Comparisons of Experimental and Calculated Thermal Moment

The theoretical evaluation methods of thermal stress on the assumption that is neglecting
the concrete tensile strength of cracked section were prepared by ACI Committee [21, Gurfinkel
[3] and authors [4].

Comparisons of experimental results with calculated values are shown in Table 3. In a
calculation process, Young's moduli of concrete and reinforcement and the curvature due to
free thermal deflection of each specimen are used from eXperimental values. As is evident
from Table 3, ‘the experimental values are a little larger than the calculated values, with
only a few exception. But when the calculated tensile stresses of reinforcements in cracked
section were around 3500 kg/cmz, both the experimental and the calculated thermal moments
agreed well. This explained that at stress intensity near 3500 kg/cmz, the cracks of speci-
mens are extending and the flexural rigidities are being near that of cracked section. Other—
wise, at stress intensity of lower 2000 kg/cmz, the cracks are not remarkably evident and the

flexural rigidities are larger than that of cracked section.

6. Conclusion

From above discussions, we would like to propose following two practical design method
for thermal stress which is produced by restraining the thermal deflection due to temperature
gradient.

1) In case that the re-bar design is determined by the tensile strength of reinforce-
ment, the design~thermal-moment combined with external mcment can be evaluated
uniformly by multiplying the analytical-elastic-~thermal-moment to the coefficient
of remaining-flexural-rigidity according to allowable stresses and strains of
tensile reinforcement.

2) 1In case that the allowable stresses of reinforcement are around 3500 kg/cmz, the
design-thermal-moment can be calculated with rigidity of cracked section according

to the intensity of both external and thermal forces.
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Table 1. Properties and Parameters of Specimens

Experimental Procedure Type-T Type-E
Specimen TC~0.71 | TC-1.27 TO-0.71 { TT-0.71 | TT~1.27 EC~0.71 | EC~1,27 | ET~0.71 ET-1.27
Extesnal Axial Force (ton) ) ~-10 0 15 -10 15
External Moment {(ton-m} Optional 1.0 2.0
Temperature Difference
at Steady-state (°C) 60 B
Hot Side Water Temperature 95
at Unsteady-state (°C)
Amount of Reinforcement (%), 0.71 127 0.71 0.71 1.27 0.71 1.27 0.7% 1.27
Compressive ’
Strength (kgfem?y | 301 326 313 333 269 302 299 290 289
Tensile Strength
Concrete (kgfem?) 30.1 28.5 27.6 26.4 29.5 26.4 25.4 28.6 26,5
Young's Modulus
B 2
(xlOsng'cmz) 3.21 3.08 2,94 3.33 3.12 3.14 3.59 3.28 70
Vield Strength | 3900 | 300 | 3700 | 3700 | 3800 | 3700 | 3800 | 3700 | 3800
(kgfem®) R R R )
Rebar | Ultimate S&;}‘cﬁ‘z‘) 5230 | 5430 | 5230 | 5230 | S430 | sa30 | s4s0 | 5230 | sa30
Young’s Modulus
¢105ke fcm?) 1.98 $.98 1,98 £.98 1.98 1.98 1.98 1.98 1.98
TC-0.71

Percentage of Tensile Reinforcement
Identification of Axial Force : Compression, O: Non-axial Force, T: Tension

Type of Experimental Procedure

M M
f)
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where

g9r @ Curvature Calculated from Thermal Defllection due to Temperature Gradient at Steady-state
y$T : Curvature Calculated from Thermal Defllection due to Temperature Gradient at Unsteady-state
Mg : External Moment

gMt : Thermal Moment af Steady-state

uMt: Thermal Moment at Unsteady-state

(E1} : Secant Flexural Rigidity

Fig. 3 Loading Procedure and Evaluation Method of Experimental Thermal Moment
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Moment M (ton-m)

Table 2.

Equivalent Coefficients
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80 S— Eg‘;'{Jariggzé‘;_’sﬁzrteﬁmpemme Specimen Status due o Temperature | Coefficient
Temperature | Gradient of Linear
& Gradient Expansion
o, 60 A Br(x 1078 mm) T/DCC/mm) | (x 1075/°C)
= ~— \ TC-0.71 1.60 0.147 1.09
£ 40— > TC—1.27 1.47 0.145 1.08
g It = To-0.71 | steady 1.5% 0.145% 104
T 2]
E- e & TT~0.71 1.37 0,145 0.94
e
5 30 el Tr-127 1.52 0.148 1.03
= \\ EC—0.71 steady 0.71 0.090 0.79
o , e unsteady 1.12 6.185 0.61
steady 0.85 0.097 0-88
-200 0 200 - EC-1.27 unsteady 1.37 0,194 0.71
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& - unsteady 1.06 0,193 0.55
¢ Ll BT 1.27 steady 0.83 ©.095 5.87
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Table 3.  Comparisons of Experimental and Calculated Thermal Moment

] External External Equivalent Thermal Moment Calculated
Specimen Axial Force Moment Status Temperature i Tensile Stress
Gradient Experimental | Calculated of Re-bar
B {ton) (ton-m) (°C/mm) (ton-m) (ton-m) (kefem®)
3.2 2.1 .8 2000
e - 0.14
TC-0.71 10 oo steady 1a7 6 8 3500
5.2 ) 2.2 2.3 2000
—-1.27 -1 steady 0.145
TC-1 0 5.9 1.9 2.2 3500
= ¥ 1.8 1.3 3000
: — d 0.146
5 | TO-0.71 0 33 steady ! 1.4 i3 3500
= 0.5 1.0 0.6 2000
- t 14
= IT-071 15 79 steady &.145 09 0.8 3500
2.2 1.9 1.6 2000
- D.14
TT-1.27 15 33 steady 8 ) 1.8 3500
steady 0.0949 2.3 1.4 600
EC-0.71 -10 1.0 unsteady 0.188 3.0 2.4 1100
steady G5.097 2.7 2.0 500
w " -
5 | EC-1.27 10 1.0 Gnstendy 0,194 37 3.8 7000
2
o= steady 0.093 0.6 0.5 2800
& | ET-0.71 15 2.0 Ensicady 0.193 K 1.1 3300
steady 0.095 1.2 0.9 1700
ET-1.27 15 2.0 unstezdy 0.193 1.9 2.0 2100
4.0 T T
§§ steady jun: uuui);
= \.\ EC-0.T1| ¥
€19 Ec-1.27 O [ J [
2 el ET—0.41| A A
- RS [TC—!.Z? ET—1.27] {> &
g N TC-0T1 e | e
% of 7 T e el T N
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Fig. 8 Reduction of Experimental Thermal Moments
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