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Abstract

The issues related to the determination of the thermal and moisture fields in the early age massive concrete are discussed
in the paper. The coupled equations, which govern the heat and mass transfer in early age mass concrete as well as the ini-
tial and boundary conditions are presented. Next, the discretization in the space was made with the use of the finite element
method and the finite difference method was introduced for the discretization in time. As the result the matrix form of the
heat and moisture transfer equations was obtained. To recognize the real influence of the thermodiffusion cross effect on
the distribution of the temperature and moisture over the curing process, a few comparative analyses were done. The object
of the conducted analyses was the massive foundation slabs.

Streszczenie

Zagadnienia prezentowane w artykule sa zwiazane z wyznaczaniem pdol termiczno-wilgotnosciowych w poczatkowym okresie
twardnienia betonowych elementéw masywnych. Przedstawiono sformulowanie wariacyjne zagadnienia poczatkowo-brze-
gowego, ktore opisuje zjawiska termiczno-wilgotnoSciowe w konstrukcji masywnej. Wykorzystujac metode elementéw skon-
czonych, dokonano dyskretyzacji zagadnienia w przestrzeni, natomiast dyskretyzacji w czasie dokonano za pomoca metody
réznic skonczonych. W rezultacie otrzymano macierzowa posta¢ rownan termodyfuzji w twardniejacym betonie. Celem
zaprezentowanych analiz numerycznych masywnych plyt fundamentowych bylo zbadanie wplywu krzyzowego efektu ter-
modyfuzji na rozklad pdl termicznych i wilgotnosciowych w czasie procesu twardnienia betonu.
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1. INTRODUCTION accompanied by moisture migration due to the hydra-
tion process and moisture transfer to the environment.
The early age deformation according to the arising
nonlinear temperature and moisture fields may result
in cracking of young concrete. Cracking at this
moment has major consequences for the long term
structural performance of concrete structure and on
its durability and serviceability. Though the stress
state resulting from the thermal-moisture deforma-
tions of early age concrete are the main considerations
of engineers, but it must be supported by proper pre-
diction of thermal and moisture fields. Mathematical
description of the discussed fields in early age con-
crete is particularly complicated. It should be remem-

The setting and hardening of concrete is accompanied
by nonlinear temperature and moisture distribution.
The rise of the concrete temperature during curing is
the result of exothermic nature of the chemical reac-
tion between cement and water. The total heat of
hydration of cement is influenced by number of fac-
tors, such as type of cement, cement content or initial
temperature. In massive concrete structures hydration
heat as well as relatively low thermal conductivity of
concrete can cause considerable temperature differ-
ences between the centre and the external layers of
the structure. Furthermore, hydration process is
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bered that we consider a porous body consisting of
three phases: liquid, gaseous phases and the solid
matrix. Additionally, the process of coupled heat and
moisture transfer in curing concrete is accompanied
by chemical and structural changes. High level of the
problem complexity and almost impossible creation
of the model with taking into account full details of
the problem lead to the simplified descriptions. This
way the models are developed as a compromise
between the physical necessities and possibility of
practical applications. Among others the models for
the porous material are proposed by Harmathy [1],
De Vries [2], Bazant [3], Gawin [4].

The simplest models in this field are created without
taking into account chemical and phase change
process. Usually the concrete is considered as a mix-
ture consisting of two components, namely porous
matrix and water (Nowacki [5,6], Cerny [7]). To for-
mulate the equations of coupled heat and moisture
transfer in early age concrete the application of laws
of irreversible thermodynamics is used (Nowacki
[5,6], Wyrwat [8], Guminski [9]).

2. EQUATIONS OF HEAT AND MOIS-
TURE TRANSFER IN MASS CONCRETE

There is no doubt that the heat and moisture trans-
fer in early age concrete is the coupled process. So,
the flux of heat is consisting of the flux due to the
gradient of temperature as well of the gradient of
moisture. Similarly, considering the flux of moisture,
both gradient of moisture concentration and the gra-
dient of temperature should be taken into account.
Additionally, in inquired fields in mass concrete the
heat production rate as well as the reduction of the
moisture content due to the hydration process can-
not be omitted. Accordingly, the coupled tempera-
ture and moisture fields in early age mass concrete
can be described by the following equations
(Klemczak [10]):

T =div (“TT grad T + ary grad c)+qu ()
ChP

¢ = divleyyyy grad c+ oy grad T)-K g, 2)

where:
T - temperature, K,
¢ — moisture concentration, kg/kg,
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arr — coefficient of thermal diffusion, m?/s,
of . dc

=—,¢ 5 - time derivatives of temperature,
t

ot
moisture concentration,
any — coefficient representing the influence of the
moisture concentration on the heat transfer,
(m?K)/s,
aww — coefficient of moisture diffusion, m?/s,
ayr — thermal coefficient of moisture diffusion,
m?/(sK),
¢p— specific heat, kJ/kgK,
p — density of concrete, kg/m?>,

K — coefficient of the water-cement proportionality,
which described amount of water bounded by cement
during the hydration process with the rate of heat
generated per unit volume of concrete, m?/J,

qv — rate of heat generated per unit volume of con-
crete, Wim’.

Initial and boundary conditions may be expressed as
follows:

T(x;,t=0)=T),(x;,0) )
c(x;,t=0)=c, (x;,0) “4)
n' (o0, gradT + oty gradc) +§ =0 ®)

n’ (a,, gradc+ o, gradT)+7 =0 (6)

where x; € (VU 0V), i = x,,z, T, ¢, are the initial dis-
tribution of temperature and the initial concentration
of moisture respectively, n = [nx ny nZ]T is the vector
normal to the boundary surface aV.

The heat flux g depends on the temperature of the
boundary surface T (x; t) and the outer temperature.
Similarly, the moisture flux 77 depends on the mois-
ture content at the boundary surface ¢(x; t) as well as
on the moisture content in surrounding air.
Therefore, it can be written:

7= [ (x;.0) . (0) 7
P
=By [&(x; 1), ()] (8)

where a, denotes the thermal transfer coefficient,
W/(m’K), B, is the moisture transfer coefficient, m/s.
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At this point it is important to mention, that the cou-
pled equations (1) and (2), which govern the heat and
mass transfer in early age mass concrete are applied
comparatively rare. In such models proposed for the
description of thermal and moisture fields, the equa-
tions are formulated independently, with neglecting
their coupling (Andreasik [11], Kiernozycki [12],
SzarlifskI [13], Slusarek [14], Jonasson [15]). The lin-
ear diffusion equation is based on the Fick’s law:

¢ =divlayy gradc)-K q, ©)

Similarly, the heat transfer equation is formulated on
the ground of the Fourier law:

T =div(agr grad T)+ qu (10)
CppP

3. NUMERICAL IMPLEMENTATION

Equations (1) and (2) can be rewritten in the form
suitable for the finite element method, which seems
to be very efficient and widespread method for solv-
ing this type of problem. To formulate the finite ele-
ment scheme the Galerkin procedure as a special
case of the weighted residual method, can be used.
Introducing the gradient operator:

T
2,29 a1
ox dy Oz
and respecting the boundary conditions we can write
for Eq. (1):

jw[ VT (@ VT)-¥ (aTWVc)—quJJV+
cbp

+ jm(ﬂ O,’TTVT+0(TWVC)+ a)jA =0
o (12)

and for Eq. (2) :
J.W( VT 0{ VC) VT(aWTVT)'l‘KqudV'F

+] Wi (et Ve + ayr VT )+ }ia =0 (13)
o

where W; is the weighting function.

Applying the first Green statement to reduce the
order of derivative and following the Galerkin proce-
dure, where the shape functions are used as weight-
ing as well as assuming that the unknown functions
are approximated by a linear combination of the
shape functions:

T=NT (14)

c=NC (15)

we can write the matrix form of Eq. (1) and Eq. (2)
respectively:

K, T+K, C+PT=F, (16)
K, T+K,,C+PC=F, (17)
where:
n
Krr =Y [(VN) (arrVNJY  (18)
e=ly«
n
e=lye
n
Ky =Y. [(VN) (a VNEy - (20)
e=lye
n
Kyr =Y [(VN) (o YNy 1)
e=lye
n
P=> [N'Nay (22)
e=lye
n
Fr = z | NT—quV > [NTGda=0 ()
e=1y- e=1gy*

n n
w=-> [N'Kqdv-3 [N'jaa=0 (%)
e=lye e=lgy e

and T, C are the matrixes of nodes values of temper-
ature and moisture respectively, N = [Ni N; Ni ]]) is
the matrix of shape functions.

The time derivatives in Eq. (16) and Eq. (17) can be
replaced by difference approximations:

t+1 .\
7= % (25)
!
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t+1 t
¢ -C (26)
At

and the equations (16) and (17) can be written in the
form:
t+1 _pt

(1= K T 4 pK 4T + (1= pK S C™ 4 pK € + P T Y

= pF} +(1- p)Ff*! (27)

t+l _ ~t
(1= pKFFT 4 pK T+ (1= pIK € 4 pK fy C + &= =
t+1

= pFjy +(1- p)Fjy (28)
Assuming coefficients p as equals 0 we can write the
above as:

41 ot
KtTJ§~1TH1+K§~+n]/Ct+1+PT < T =F71~+1 (29)
A

t+l _ ~t
K%%TI+I+K%}VCI+1+PC = C =FI£V+1 (30)

The final set of governing equations is obtained
under condition that coefficients arr, amw, aww, awr
do not depend on time:

ATTt+1 :BT (31)
Ay Ctl =By, (32)

with:

1

Ar=Kgr +i1> B :EPTI +F Ky € (33)

Ay =Ky +ALP By =ALPC’ + R Ky T (34)
t !

Solving the set of equations (31) and (32) we obtain
the temperature and the moisture concentration in
time step (t+1), which are simultaneously the initial
values T’ , C' for the next step of calculations. In the
first step of calculations the values T" and C' are equiv-
alent to the initial temperature and moisture concen-
tration of concrete. Nonlinearity of the problem is
hidden in the dependence of matrixes By and By
upon unknowns T'*! and C**!. Therefore, the itera-
tion at each time step is requisite. Description of the
iterative procedure as well as the original computer
program TEMWIL that was developed on the basis of
Eq. (31) and Eq. (32) was given by Klemczak [10].

4. THE ANALYSES OF THE MASS CON-
CRETE SLABS

As it has been mentioned in chapter 2 usually the
equations describing thermal and moisture fields are
formulated independently, with neglecting their cou-
pling. Therefore, the crucial question is how strongly
the gradient of moisture influences the heat flux and
consistently how the temperature gradient affects the
moisture flux. Succeeding question is if the cross ter-
modiffusion effect should be taken into account in
estimation of thermal and moisture fields in early age
concrete or it can be omitted without significant
detriment. An attempt to answer these questions
requires carrying out some comparative numerical
analyses. Presented calculations were made for mas-
sive concrete slabs of base dimensions 10 m x 10 m
and thickness 3 m or 1.5 m. It was assumed that the
analyzed slabs were made of the following concrete
mix: cement CEMII/BS 32.5R 350 kg/m?3, water
175 /m3, aggregate 1814 kg/m3. The finite element
mesh of analyzed slabs was showed in Fig. 1. Because
of symmetry only the quarter of the slab is modeled.
Essential elements of the slab that were used in pre-
sentation of calculation results were filled with black
colour in Fig. 1. Table 1 presents symbol assigned to
the analyzed slabs and some details connected with
initial and boundary conditions for slabs such as type
of formwork, time of formwork stripping, tempera-
ture of air and initial temperature of concrete.
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Figure 1.

Finite element mesh of the slab
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Table 1.
Symbols of analyzed slabs

Symbol of The dimensions The outer The initial The time of Protection of Z{g;e:;g)r;;ftoﬂrf
the analyzed of the slabs, temperature, temperature, shuttering the top surface
o o . surfaces of
slab m C C removing, days of the slab
the slab
s_3m 10x10x3 20 20 >20
s_1,5m 10x10x1.5 20 20 >20 without plywood
s 3m_r5 10x10x3 20 20 5 protection 1.8 cm
s 1,5m 5 10x10x1.5 20 20 5
Table 2.
Thermal and moisture coefficients
Thermal fields Moisture fields
AW/ (m 1.75
(mK) qv, Wim® according to Fig. 2
¢y, kI | (kgK) 1.0
p, kgl m? 2340 K, m’l] 0.3-10°
ary, m?s 7.47:107 am, mfs 0.6 10°
0 0
2 2 -11
arw, m*- K/s 93751075 ayr, m/(sK) or2 10_11
or 7-10
6.00 (without protection) 2.78 (without protection)
a,, Wi(m’K) 3.58 (plywood) By, mls 0.18 (plywood)
0.81 (plywood+soil) 0.12 (plywood+soil)
ar, 1/°C 0.00001 aw 0.001
e amw = 0, ayr = 0-without thermodiffusion effect,
5 5
e agr = 9.375:-10° m3K/s, awr = 2-1011 m?/(sK)
a0 . . .
g —the lower value of the thermal coefficient of mois-
% ﬁ s ture diffusion,
2, il: == thaa raie of hysdration hest for T=5 C w0 ¥ .
g ] et it of hydration hest sor T=10 G .E * amw = 9.375'10_5, awr =7'10_11 m2/(sK) — the hlgh-
ze - the e o hydraton hoadfr T=15.C g er value of the thermal coefficient of moisture dif-
o —f—the rale of hydration heat for T=28 C } .
g 100 fusion.
By ===the hiydration hest of CEMII BS 32 58 . L
" = The analyses were made with the use of the original
a . o computer program TEMWIL (Klemczak [10]). For
o 1 2 3 4 5 L 7

Tirmaz, days

Figure 2.
The heat of hydration of CEM II BS 32.5R

Thermal and moisture coefficients necessary for cal-
culation were set in Table 2. The values of coefficients
were assumed according to literature suggestion
(Cerny [7], Andreasik [11], Kiernozycki [12],
Szarlifski [13], Witakowski [16]). The following val-
ues of coefficients related to the cross thermodiffu-
sion effect were taken into account:
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each considered slab (according to the symbol given
in Table 1) temperature and moisture distribution
were determined over 20 days of concrete curing.
The results of the conducted numerical calculations
are shown in Fig. 3+6 (temperature distribution) and
in Fig.7+10 (moisture distribution).

Results for moisture distribution were presented with
the use of the volumetric moisture content W
(m?/m3), which is introduced in place of the mass
concentration ¢ (kg/kg). There is the following rela-
tion between mass concentration and volumetric
moisture:
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pc= p;VW (35)
with
’ mw
= 36
T (36)
where

m,, — mass of water in comcrete, kg,

V,, — volume of water In concrete, m>.

The results shown in already quoted figures can be
summarized as follows:

* the temperature distribution over the investigated
period of concrete curing is nearly identical for all
analyzed slabs, despite the values of assumed coef-
ficients. It means that the moisture gradient does
not influence the flux of heat significantly and the
thermodiffusion effect could be neglected in analy-
ses of mass concrete elements. Such result is in the
agreement with the suggestions given in the litera-
ture (Kiernozycki [12], Szarlifiski [13], Witakowski
[16]),

the moisture distribution over the investigated
period, determined with taking into account the
thermodiffusion cross effect or without this effect,
is similar for all analyzed slabs but only for lower
value of the thermal coefficient of moisture diffu-
sion (awr =2-10""" m?/(sK)). The lower loss of mois-
ture was obtained in simulation with using coupled
equation of heat and mass transfer,

in case of higher value of the thermal coefficient of
moisture diffusion the moisture distribution
obtained with the use of coupled and independent
equations differs. Visible differences in this case
are obtained on side surfaces of slabs — on these
surfaces (with shuttering) the accumulation of
moisture is observed in the period when the tem-
perature decreased.

Slab 3m

Temperature, °C
@ IS
& &

@
3

0 2 4 6 8 10 12 14 16 18 20
Time, days
-5~ Tz20Tp20_o_topsurface_awt=0  —B—Tz20Tp20_o_side surface_awt=0

——Tz20Tp20_o_center_awt=0

—T220Tp20_o_center_awt=7 —2—T220Tp20_o_top surface_awt=7 —4—T220Tp20_o_side surface_awt=7

——T220Tp20_o_center_awt=2 ~o-Tz20Tp20_o_topsurface_awt=2  ——Tz20Tp20_o._side surface_awt=2

Figure 3.
Temperature distribution in the slab s_3m over the curing
period for different value of coefficient ayr (awt denotes

ayrx 1011
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Slab 1.5m

@ @ IS IS a
3 & 3 & 3

Temperature, °C

N
3]

20 =

0 5 10 15 20
Time, days
——T220Tp20_o_center_awt=0 —E-Tz20Tp20_o_top surface_awt=0 —8-Tz20Tp20_o_side surface_awt=0
—Tz20Tp20_o_center_awt=7 —#—Tz20Tp20_o_top surface_awt=7 ~ —4—Tz20Tp20_o_side surface_awt=7
—=—Tz20Tp20_o_center_awt=2 ~6-T220Tp20_o_top surface_awt=2 —®-Tz20Tp20_o_side surface_awt=2
Figure 4.

Temperature distribution in the slab s_1.5m over the curing
period for different value of coefficient ayr (awt denotes

ayrx 1071

Slab 3m - removing of shuttering after 5 days

Temperature, °C
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——T220Tp20_o_center_awt=0 -5~ Tz20Tp20_o_top surface_awt=0  —8-Tz20Tp20_o_side surface_awt=0
- T220Tp20_o_center_awt=7 —2-Tz20Tp20_o_top surface_awt=7  —&—Tz20Tp20_o_side surface_awt=T
——T220Tp20_0_center_awt=2 ~o-T220Tp20_o_topsurface_awt=2 e~ Tz20Tp20_o_side surface_awt=2
Figure 5.

Temperature distribution in the slab s_3m_r_5 over the cur-
ing period for different value of coefficient ayr (awt denotes
ayrx 1071
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Slab 1.5m - removing of shuttering after 5 days
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Figure 6.

Temperature distribution in the slab s_1.5m_r_5 over the
curing period for different value of coefficient awyr
(awt denotes ayrx 10°11)
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Figure 9.

Moisture distribution in the slab s_3m_r_5 over the curing
period for different value of coefficient ayr (awt denotes
awrx 10711

Slab 1.5m - removing of shuttering after 5 days
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Figure 7.

Moisture distribution in the slab s_3m over the curing peri-
od for different value of coefficient ayy (awt denotes
ayrx 10711
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Figure 8.

Moisture distribution in the slab s_1.5m over the curing
period for different value of coefficient ayr (awt denotes
ayrx 10-11)

~e-T220Tp20_0_top surface_awt=7  —~Tz20Tp20_o_side surface_awt=7

Figure 10.

Moisture distribution in the slab s_1.5m_r_5 over the curing
period for different value of coefficient ayr (awt denotes
ayrx 10°11)

5. CONCLUSIONS

Massive concrete elements are prone to early age
cracking due to thermal and moisture effects associ-
ated with the hydration and curing process.
Therefore, it is extremely important to predict the
temperature and moisture distribution over the cur-
ing period properly. The most commonly used and
practically accepted in this field are the equations,
which neglect existing thermodiffusion cross effects.
Coupled equations of thermodiffusion derived on the
basis of irreversible thermodynamics laws are avail-
able in the literature, however, they are applied in the
analyses comparatively rare for two major reasons.
One of them is persuasion that thermodiffusion cross
effect influenced the thermal and moisture fields in
early age mass concrete inconsiderably. The second
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one is mainly connected with the technical difficulty
with application of the coupled equations of ther-
modiffusion to the real engineering tasks. However,
now this reason seems out of date due to the present-
day development of numerical method dedicated to
the solution of even more complicated mathematical
equations.

The coupled equations of thermodiffusion, which
govern the heat and mass transfer in early age mass
concrete as well as the initial and boundary condi-
tions are presented in the paper. The matrix form of
the considered equations was the base for developing
the original program TEMWIL, which enables the
simulations of space concrete elements. To recognize
the real influence of the thermodiffusion cross effect
on the distribution of temperature and moisture over
the curing process, a few comparative analyses were
done. The object of the conducted analyses were the
massive foundation slabs. The temperature distribu-
tion determined with taking into account thermodif-
fusion cross effect or without this effect in all ana-
lyzed slabs is almost identical. Such results suggest
that the gradient of moisture does not influence the
flux of heat significantly and in case of mass concrete
elements the governing equations can be formulated
independently, without the thermodiffusion cross
effect.

The differences were obtained in moisture distribu-
tion determined with or without thermodiffusion
cross effect. In this case the influence of temperature
gradient on the flux of moisture is perceptible, but
the weight of significance depends on the value of the
thermal coefficient of moisture diffusion.
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