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Temperature Analysis and Crack Control
of Large Scale Massive Concrete Structures Due to Hydration Heat
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ABSTRACT

Recently, serious cracking problems have been reported in this country in the course of actual
massive concrete construction. Major cause of this cracking is found to be mainly due to the hy-
dration heat of mass concrete. The hydration heat arising from the chemical reaction of cement
with water causes temperature differentials between inside and outside of a structural member

and these temperature differentials induce thermal stresses, The magnitude and direction of ther-
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mal stresses are much dependent upon the types and amount of cement, the size and boundary
conditions of the member, and also ambient temperature distributions.

To find the heat evolution law of ordinary cement, a series of tests for adiabatic temperature
rise were conducted. A field test has been also conducted to simulate actual construction of foot-
ing and column of a bridge. The measurements of temperatures and strains at various points of
the test members have been automatically done and stored in the computer.

The maturity concept is introduced to account for accurate strength development due to hy-
dration. The present study indicates that the effect of shrinkage is significant in the resulting
stresses while the creep of concrete influences little the thermal stresses, Comparisons of pres-
ent theory with experimental data show reasonably good correlation, The present study allows
realistic analysis and design of massive concrete structures to prevent cracking and detrimental
effects.

Keywords : mass concrete, hydration . heat, thermal stresses, heat transfer, adiabatic tempera-

ture rise, large scale structures, temperature distribution,

1. INTRODUCTION

Large scale concrete structures have been
increasingly built at various locations in the
world. One of the major problems in the con-
struction of these large concrete structures is
to control efficiently the great hydration heat
arising in massive concrete, The hydration
heat arising from the chemical reaction of ce-
ment with water causes temperature differ-
entials between inside and outside of a struc-
tural member and these temperature differ-
entials induce thermal stresses(1-5, 10-17).
The magnitude and direction of thermal stres-
ses are much dependent upon the types and
amount of cement, the size and boundary con-
ditions of the member, and also ambient tem-
perature distributions(1-5).

The purpose of the present study is there-
fore to develop an analytical model that can
predict the temperature distributions and ther-
mal stresses of any massive concrete structur-
es. The creep and shrinkage of concrete may
seriously influence the thermal stresses. The
effects of creep and shrinkage of concrete are,
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therefore, included in the present analysis.
The aging of concrete and thus strength de-
velopment phenomenon is also considered. The
ACI, CEB and BP models for creep and shrin-
kage prediction are incorporated in the present
program,

The maturity concept is introduced to ac-
count for accurate strength development due
to hydration(12). A so-called cracking index
concept is also devised to figure out the crack-
ing regions in a structure.

To find the heat evolution law of ordinary
cement, a series of tests for adiabatic tempera-
ture rise were conducted. A field test has been
also conducted to simulate actual construction
of footing and column of a bridge.

2. FINITE ELEMENT FORMULATION FOR
TEMPERATURE AND THERMAL STRESS ANAL-
YSES

2.1 Theoretical Formulation

For the development of a finite element
scheme either a galerkin formulation of the



heattransfer problem. In the variational formu-
lation a functional IT is defined such that when
invoking the stationarity of T,

[«:(sT';-"Lk}{T':dv =
[ oT(g+q )dV+ [ 3Tq dS + | sTgRdSK (1)
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where q' is the rate of heat generated per unit
volume of the heat capacity effect. h is the
convection coefficient, T, is the temperature
of the external radiative source and h, 1s a co
efficient,

We consider an isoparametric sohid element
in three dimensions and interpolate tempera-
ture T and temperature gradient T along an
element from nodal temperatures {T} There
fore, the equilibrium equations of the element
assemblage corresponding to the global nodal

temperatures are

[CTHTY + [K] T} = {R! (2)

where

thermal stiffness matrix :
(K= [K'] + [K'] + [K]
thermal load vector :
iR} = Ryt + iR} + (R}
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heat capacity matrix :
n

C1= % [INI" peINTav

conductivity matrix :
(K1 =% [(B] [k]IB]dV
B

convection matrix :
(K] = Z ‘

radiation matrix :

n

[K'] =% [IN]" h[NJdS*

1]t

"h.NJds®

heat generation load vector :

n

R, =% {(NT'gav

p==lt

convection load vector :
R =¥ [IN]' h T.ds*
[EEE
radiation load vector :

R} = Z HI\] h, T, ask

In thermal problems, & time-varying solution
can be obtained by direct temporal integration.
In this study, A two time level recurrence
scheme is applied to thermal transient analy-
sis. In this scheme it 1s assumed that the tem-
perature varied linearly in a discrete time in-
terval, At, from t, to time t,;,;=t,-+At, We con
sider two temperature states, separated by
time increment At, {Th and {T},., Using gen-
eralized trapezoidal rule, the temperature at

time t,.,~t,taAt 15 written as

Ty = Th + AU Ty, 26 (0.1) (3)
where x is a constant which is chosen to yield
optimum stability and accuracy properties.

Rewriting Eq.{2) for time t,.,

[(::“Ii+7 ':,n‘n-v * + {KJI‘M”/ :r‘:nw = :R}wh (4)
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The time derivative of temperature in Eq. (3)
is introduced into Eq.(4). The result is

([C}n+~1+1Atl K}n+1):T:n+1 = 1AtﬁR:n+x+,C]n + 11T:n (5)

Solving Eq.{(5) for {T}.4, the temperature at

time t,+; 1s finally given by

(Thoty = 1 Thy, + (1=L) 113, (6)
x o

The relation between strain and displace-
ment 1s a key ingredient in the formulation of
finite elements for stress analysis problems. In
the present section we consider general
strain-displacement relations in Cartesian coor-
dinates. Then, the equilibrium equation of the
element assemblage corresponding to the glo-
bal nodal d.o.f. {D} is

[K]iDl =R} (

-~

where

stiffness matrix,

(K] =3 [IBY [E][BlaV
i1t
load vector,
iRt = 1R} — {Re} + {Rp} + {Rp!

initial strain load vector,

n

Ri= % {IBI" [EaidV

[

initial stress load vector,

R =3 [[BI" lowldV

11t

body force load vector,

Ret = ¥ [IN]"{FidV

1==1"

external load vector,

The initial strain in Eq.(7) implies the non-
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mechanical strain and 1s composed of the fol-

lowing components

et = leot + teg + dea) + lor) (8)
where
lt.t = creep strain vector

1&.s = shrinkage strain vector
l¢,l = aging strain vector
lert = temperature strain vector

= (INJAT) (11100077

where AT, 1s a relative temperature of each
node of the element and « . is a thermal expan-
sion coefficient.

As is well known, the strength of a given
concrete mixture, which has been properly
placed, consolidated and cured, is a function of
its age and temperature history. At early ages,
temperature has a dramatic effect on strength
development. This temperature dependence
presents problems in trying to estimate the
in-place strength based on strength develop-
ment data obtained under standard laboratory
conditions,

The term “maturity” was for the first time
linked to the product of time and temperature.
Thus maturity is computed from the tempera-
ture history using the following equation,

M = "‘l’ (T ~ Ty dt (9)

where, M : maturity at age t

T : element temperature

Ty : datum temperature
This equation has become known as the Nur-
se-Saul function. Generally, a value of —10%C
for the datum temperatrue has been used in
subsequent applications of the Nurse-Saul fun-

ction. Then, the strength of concrete can be
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written as a function of the logarithm of ma- O
START

turity. Therefore, compressive strength at any B
time is written as follows, | (Thermal Properues,
| Boundary Condiuons, |
| Integration Data) ‘
£.0M) = a + b logM (10) T
| | .|
| L
ACI Committee 209R recommends the follow- ! —m—[;]—m
ing formula which was developed by Pauw in W_ﬂ_,‘:___
PR 2
1960, ASSEMBL
o
BANSOL
¥
E.(M) = 0.1346 /p’ f (M) (1) e
ln——a
R
where p is the density of concrete in kg /m? ;Ti""

and f.(M) is the compressive strength in !
kg /em®, T

2.2 Flow Diagram
Fig. 1 Flow diagram of temperature analysis program

In this study, we develop two programs

which analyze temperature and therraal stress @/
for the rnass concrete structures(6-9). The S TT—
two programs developed in this study were ﬁgﬁﬂfﬁ{:ﬁ?‘
written in FORTRAN language. An program —-——‘—T%TB_I—;?”"
named “HYTAMI1"(Hydration Temperature __.i‘:f—_}*m
Analysis of Mass Concrete Structures) solves ‘CREEP&MSW“GEQ
for transient temperature using(Fig. 1) heat- 7:‘7:_~
flow in the mass concrete structures(6-9). ::E%MT;:?
The “HYTAM?2" is a thermal stress analysis T
program for the mass concrete structures us- ______B_M;io“f__ﬁ
ing the temperature results from “HYTAMI", ‘ chrcm:n!.:i)xspiaccmenl ‘
In the program “HYTAM?2", a following pro- ‘ 77:5_0_
cedure for the incremental analysis of solid con- ‘ DemMagl - A
crete structures considering maturity is incor- l_fmjé:ffﬁ
porated. The time dependent effects due to L"ﬂﬂ,\:ﬁgﬁi

creep, shrinkage, and aging of concrete, and v
temperature variations are included.
The total incremental strain, Ae, from time t
. . ) . Fig. 2 Fiow diagram of thermal stress analysis program
to time (t-+At) is shown in Eq.(1).

Ae = Ae" + A" 1)
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where Ag" is an incremental mechanical strain
vector, A&™ i1s an incremental non-mechanical
strain vector including thermal strain{a AT), a
is a coefficient of expansion, AT is an in-
cremental temperature T'™™—T', and the in

cremental stress is as follows.
Ac = E (Ae — Ae™) (2)

where E 1s a stress-strain matrix including ma
turity of element. Total displacement, total

strain and total stress are written as follows,

s =o' + As (3a)
&Y =& 4 Ae (3b)
JdM =4+ Ao {3c)

where ¢'™ is a nodal displacement vector at
time t-+At,
Flow diagram of this thermal stress analysis

program 1s shown in Fig.2.

3. TESTS ON HYDRATION HEAT OF MASS
CONCRETE

3.1 Design and Fabrication of Test Members

In the mass concrete structures such as lar-
ge footing and pier of a bridge, when they are
placed, great amount of hydration heat by ce-
ment occurs. Such temperature differences
may cause high thermal stresses. These ther-
mal stresses may cause cracking in mass con-
crete structures and thus 1t gives serious prob-
lems in structures.

In this study, we modeled the test member
for the pier footing and column shape, which
can bring about sufficient hydration heat by
cement. That test model is as shown in Fig.3.
Footing is 3mX2mX1m and column i1s 2mxXx
ImXx1m. In addition, in the test of tempera-
ture distribution and thermal stress by hy-
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dration heat of mass concrete structure, the
reinforcements of structures is also very im-
portant because they restrain the cracks. But,
in this test, we designed the footing and col-
umn without consideration of loads. So we
adopt 0.15% of member area as the minimum
reinforcement ratio recommended by ACI As
shown in Fig.4, we used D16 as longitudinal
steel of footing and D19 as longitudinal steel of
column. And we used D10 as the stirrup of
both footing and column. All reinforcements
used 1n this test are the high strength steel
(SD40) with the yield strength of 4,000kg /cm”.

In the test of mass concrete structure, it is
tmportant to locate the temperature gauge and
strain gauge. Because the cross section of
mass concrete structure 1s symmetric, we em-
bedded all the gauges in guarter cross section
of test members.

Fig.5a shows the location of temperature
gauges and the number of these gauges. And
Fig.5b shows the location of strain gauges and
the number of these gauges, where T, M, and
B mean top, middle, and bottom of the test
member respectively.

The mix proportion of the present test mem-

Table 1 Mix proportion of concrete(kg/ m?)

Cement | . I Fine + Coarse
Water |

T
| Admixure
|aggregate JAggregatt{L )

wo | oaes | w2

content |
382

0.76




D1o@2 3.2 Test Methods and Measurements

e Dm@lo“k :4‘*0‘0@10
. J: :j'_ Temperatures and strains at vanous loca-
e D19@s r:' e tions were automatically measured using the
—J ‘ — DI6@E Data Logger System. When two days passed
e = » e ‘ Drsa1e after placing concrete, we removed the forms
. — » of footing, and established the temperature
= -Dia@r2 o k gauges and stram gauges at column. Then we
— 12‘..!.& o placed concrete at column, and measured tem-
- — perature and strain of column like the previous
. o method of footing, On the other hand, we
Fig. 4 Design of reinforcement(m) measured continuously temperature and strain

of footing m order to predict the influence of
placing the column concrete.

In the analysis of mass concrete tempera-
ture, adiabatic rising temperature curve 1s
needed. So, in this study, we made cubic spec
imen to get the adiabatic temperature-rise cur-
ve, First, in order to make the cubic block
(50cmxH0cmxb0cm),  we made the form
(Y0cmx 90ecmx 90cm) of wood panel. And all

surfaces of specimen were insulated by pol-

ystyrol with a thickness of 20cm. Although
Fig. 5(a) The location and number of temperature gaug- the cubic concrete specimern 15 enclosed by pol-

es(m) ystyrol with a thickness of 20cm, the interior
of the cubic specimen cannot be kept com
pletely adiabatic because of heat release to the
outside through polystyrol. Therefore, we pred
icted the adiabatic temperature-rise curve in
directly by time dependent analysis about the
cubi¢ specirmen.

The magnitude of the stress distributions
generated by heat of hydration depends stron
gly on the concrete modulus of elasticity. Ther
efore, in order to consider this effects, we

made 21 cylinders (10cm % 20cm) with the same

Fig. 5(b) The location and number of strain gauges(m) mixture as test member to measure the
time-dependent change of elastic modulus and

ber is shown in Table 1, where unit cement strength.

content is 382kg /m’, sand to total aggregate

ratio is 45%, water-cement ratio is 49,8%.

H 713 1995.2. 103



4. TEST AND ANALYSIS RESULTS

4.1 introduction

The properties of concrete and subsoil used
in this analysis as input data are shown in T-
able 2. In this analysis, a 1/4 model of the
test member is used due to the symmetry. The
boundary condition on the symmetric plane
and on the outside faces of the subsoil are
adiabatic conditions. The finite element mesh
mode] is shown in Fig.6. The actual temper-
atures of the atmosphere and the subsoil var-
led day by day, but the mean temperatures
were used for atmosphere and subsoil, 1.e.,
23°¢C and 22, respectively. The temperature
at the time of placing was about 30C. The
thermal properties of footing concrete are the
same as the column concrete.

Though the cubic specimen is enclosed by
polystyrol, the exterior cannot be kept com-

pletely adiabatic condition. Therefore, we pred-

icted the adiabatic temperature rise equation
indirectly by temperature analysis for the cu-
bic specimen. That is, we obtained the adia-
batic temperature rise equation through analy-
sis altering thermal properties and boundary
conditions. The equation of adiabatic tempera-
ture rise which is obtained from this analysis

is witten as follows.

T = 48(1 — e %) (4)

To calculate the heat generation rate per
unit volume and time, Eq.(4) was differentiat-
ed with respect to time. So, this analysis used
the following heat generation rate per unit vol-

ume and time.
q=64pce ™ (5)
where p is the unit weight of the concrete, c 1s

the specific heat of the concrete, and t is the
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aging of the concrete in hours,

In this analysis, it is assumed that sliding
between the bottom of the footing and the sub-
soil does not occur. We used the elastic modu-
lus of the concrete obtained from the test at
each time step. It is assumed that the elastic
modulus of the subsoil is 1.3x10"(kg /m’). We
assume that coefficient of expansion of both
the concrete and the subsoil is 1.0x107° and
Poisson’ ratios of the concrete and the subsoil
are (.2, 0.4, respectively. This analysis con-
sidered the creep and shrinkage recommended
by ACI.

Table 2 Properties of the concrete and the subsoil

Propemes‘ fieat Specific heatlUmt weight Hea.t.
condu;tmty (keal /kg°C)‘ (kg /m’) convectivity
Type - ftkeal/mhT), ©o "0 7 [tkeal fmhe)
Concrete 2.2 0.235 ‘r 2320 : 9.0
Subsoll | L6 049 11 9.0
_Column

-~ .
| ~Footing

.~ Subsoil

Fig. 6 Finite element mesh of the test member

4.2 Comparisons

4,2.1 Temperature Distributions

Fig.7 shows the measured and analytical tem-

232 e85 =B



peratures of the footing of the test member.
The analyzed temperatures of bottom and mid-
dle were the same as the experimentally meas
ured temperatures but the analyzed tempera-
ture at the bottom of the footing was higher
than the measured one. The reason for the dif
ference of the top 1s the difference in the
atmospheric temperature variance. It 1s known
that the top temperature of footing 1s influen

ced by concrete placement of column,

Fig.8 shows the measured and analytical tem-

peratures of the column of the test member,
As shown 1n figures, it is recognized that
the heat generation rate of the concrete is
very fast, This reason is that the domestic ce-
ment 1s raore faster. Since the domestic ce
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Fig. 8 Comparison of experimental and analysis tempera-

ture distributions{middle point 1 of column)
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ment hydrates rapidly than the foreign ce-
ment, much hydration heat is induced at the
early age. Therefore, we have to be careful to

control initial hydration heat,

4.2.2 Strain Distributions

Fig.9 shows the measured and analytical
strains of the footing of the test member.
From the results, it is seen that the strain of
the top is larger than the bottom of the foot-
ing.

Fig.10 shows the measured and analytical
strains of the column of the test member.

The measured strain distnibutions fluctuate
somewhat but the analyzed results are smooth.,
Maximum strain shows at the observation poin-

250
Af_ﬁ*. —4~ FS-MI(ENPERIMENT)
200+ .. . —+ FS-MI{ANALYSIS)

e o) e e
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£ § o
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o
S
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o
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)

o
0 20 40 o1 &0
Timehr)

Fig. 9 Comparison of experimental and analytical strain
distributions{middle point 1 of footing)
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Fig. 10 Comparison of experimental and analytical strain
distributions(middle point ! of column)
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t 4 of the column. Though the temperature of
the footing and the column is similar, the
strain of the column is greater than that of the

footing.

4.2.3 Stress Results

In order to predict cracking in the mass con-
crete structures, a thermal stress analysis
must be performed after a temperature analy-
sis. In this study, a stress analysis for the test
member was performed based on the tempera-
ture distributions considering the creep and
shrinkage of the concrete,

Fig.11 shows the distributions of maximum
principal stress at the observation points. In
the footing, only compressive principal stress
occurs. But, in the column, tensile principal
stress occurs at B3, B5, M3, M5, T3, and T5.

And, maximum tensile stress occurs at 28 hour-

s after concrete placement, the magnitude of
this is about 17kg /cm’. Such principal stres-
ses are significant and can induce cracking in
the concrete at early ages.

From these results, it is known that com:
pressive stress is induced in the interior of the
column, but tensile stress is induced in the ex:
terior,

The analyses do provide a means of assess-
ing the relative risk of cracking for the mass
concrete structures. To assess the significance
of the induced thermal stresses, the maximum
principal tensile stresses are compared with
the tensile strength of the concrete. The crac-
king index concept is introduced to examine
the possibility of the cracks induced by ther-
mal stresses. Because of the significant stress
distribution in the outer of the column, the
modulus of rupture f; will be used as the most
appropriate measure of the tensile strength of
the concrete. Therefore, the cracking index, I,

which 15 the ratio of the induced tensile stress
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against flexural tensile strength is written as

follows,

[. = (6)

where f, 1s flexural tensile strength and a is
tensile stress intensity of actual structure, If
we assume that the modulus of rupture is
about 150% of the splitting tensile strength,
the cracking index of Eq.(6) is written as fol-

lows again.
(M)
I = m— (7)
1.5f (M)

where {5,(M) is the splitting tensile strength,
According to the result of this analysis, the
cracking indices of all the points were less
than 1.0, which were confirmed by experimen-

tal results.

T
i . |~ CSTS
o S -o- CS-Td
5 104 :r'A =~ - 5T
;ﬂ # §—— ST
2 t b Y
= ]
7 o] Hﬁ*::\\\“‘“\—
= PN =
n = |
ERSTES :
E
c
n. |
20
0 30 60 90 120 156
Time (hr)
Fig. 11 Principal stress distributions(at top points of col-
umn)

5. CONCLUSION

The purpose of the present study is to de-
velop an analytical model that can predict the
temperature distributions and thermal stresses
of any massive concrete structures, The creep
and shrinkage of concrete may seriously infiu-
ence the thermal stresses. The effects of
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creep and shrinkage of concrete are, therefore,
included in the present analysis. The aging of
concrete and thus strength development phen
omenon is also considered. The ACI, CEB and
BP models for creep and shrinkage prediction
are incorporated in the present program,

The maturity concept is introduced t ac
count for accurate strength development due
to hydration(12).

concept 15 also devised to figure out the crack-

A so-called cracking index

ing regions in a structure,

To find the heat evolution law of ordinary
cement, a series of tests for adiabatic tempera
ture rise were conducted, A field test has been
also conducted to simulate actual construction
of footing and column of a bridge.

The measurements of temperatures and
strains at various point of the test members
have been automatically done and stored in
the computer.

The salient feature of the present study is
that a new concyept of maturity was introd
uced and also a new concept of cracking index
was introduced which dre very important es
pecially at young concrete, Comparisons of
present theory with experimental data show
reasonablv good correlation. The present study
allows realistic destign and construction of mas

sive concrete structures.,
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