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Abstract: The problem of controlling temperature stresses and preventing early cracking in massive monolithic foun-
dation slabs at the stage of their hardening is considered. Existing methods often fail to account for the lag in concrete
strength growth relative to the development of temperature gradients, which can lead to dangerous tensile stresses. The
objective of the study is to develop a method for optimizing curing conditions aimed at minimizing tensile stress to
strength ratio as an objective function. The method is based on combined numerical modeling of heat transfer and
stress-strain problems, taking into account the kinetics of heat generation and concrete strength gain. The variable pa-
rameters were a coefficient determining the kinetics of concrete heat generation and the heat transfer coefficient from
the upper surface of the slab. The interior point method, pattern search and particle swarm optimization were used to
solve the optimization problem. Calculation results for various slab thicknesses and climatic conditions showed that to
minimize the risk of cracking, it is necessary to reduce the heat transfer coefficient on the upper surface of the slab to
2.5-4.7 W/(m? °C), and to use normal- and rapid-hardening concrete rather than slow-hardening concrete. This is ex-
plained by the lag in tensile strength growth behind the development of temperature differences in slow-hardening
concrete. Optimization reduced tensile stress levels by 2.2-3.3 times compared to standard conditions, making it pos-
sible to concretize slabs up to 3 m thick without the use of artificial cooling systems.

Keywords: massive foundation slabs, early cracking, thermal stresses, curing optimization,
concrete heat release kinetics, heat transfer, particle swarm method, rapid-hardening concrete, thermal insulation

ONTUMMU3ALIUA YCJOBUN TBEPJEHUSI BETOHA B
MACCUBHBIX MOHOJIMTHBIX ®YHAAMEHTHBIX IIVIMTAX

B.C. Twpuna, A.C. Yenypneunko, b.M. A3viee

JloHCKOM rocyJapCTBEHHBIN TeXHUUECKUI YHUBEPCHUTET, I'. PocToB-Ha-/{ony, POCCUA

AHHoTanus: PaccMaTpuBaeTcs mpobiaemMa KOHTPOJISI TEMIIEPaTypHBIX HAPSHKCHUH U NP eA0TBPAIICHUS pAHHETO
TPEHIMHOOOPa30BaHNsT MAaCCUBHBIX MOHOJMTHBIX (DYHJaMEHTHBIX IUTUT Ha CTaJWHU MX Bo3BeaeHus. CymiecTBy-
IOIIME METO/BI YaCTO HE YYUTHIBAIOT 3aMa3AbIBAHUE B POCTE MPOYHOCTH OETOHA OTHOCUTEIBHO Pa3BUTHUS TEMIIE-
paTypHBIX TPaJMEHTOB, YTO MOKET NMPHUBECTU K ONACHBIM YPOBHSAM pPACTATMBAIOIIMX HampspkeHuH. Llensro uc-
CJICZIOBAHUS SBJISICTCS pa3paboTKa MeToJia ONTHMHU3AINHU YCIOBHH TBEpACHUs, HANPaBICHHOIO HA MHUHHUMH3a-
IIMI0 OTHOIICHUS PACTSATHBAIONIET0 HANPSDKEHHS K MIPOYHOCTH Ha pacTsDKEHHE B KauecTBE LENICBOM (DYHKIIHH.
Merton OCHOBaH Ha KOMOMHHPOBAaHHOM YHCIICHHOM MOJEJIMPOBAHWU 3a7ad TEIUIONEpeaud M HarpsHKeHHO-
neopMHUPOBAHHOTO COCTOSIHUS 3374, YIUTHIBAIOIIEM KHHETHKY TEIUIOBBIICICHNS U IIPHPOCTA TIPOTHOCTH Oe-
ToHa. [lepeMeHHBIME MTapaMeTpaMH ABJIUINCH KO(GOHUINECHT, ONpEeNeIOMNiI KHHETHKY TEIUIOBBIICICHNs Oe-
TOHA, 1 KO3(PHUIUECHT TEIUIONEPeIaun ¢ BEPXHEH MOBEPXHOCTH IUINTHI. [IJIs pemeHns 3a1a4n ONTHMHU3aINH HC-
MIOJIb30BAJIMCH METO BHYTPEHHEH TOUKH, METO/ HIa0JIOHHOTO TIOMCKA U METOJL posi 4acTull. Pe3ynbpTars! pacue-
TOB ISl PA3/IMYHON TOJIIIMHBI TUIUT U KIIMMAaTHYECKUX YCIOBUH MOKa3alu, YTO I MUHUMH3ALUN PUCKA PaHHE-
r'0 TPEIMHOOOpa30BaHud HEOOXOAMMO CHU3HTD KOI((UIMEHT TEIJIONepeiaud Ha BEpXHEH IOBEPXHOCTHU ILIUTEI
1o 2,5-4,7 Br/(M*°C) 1 ucnoib30BaTh OETOH HOPMAIBLHOTO M OBICTPOTO TBEPACHHS BMECTO ME/JIEHHO TBEpJe-
touiero 0eroHa. DTo 00BACHACTCS 33AEPAKKOH B POCTE IIPOUHOCTH HA PACTSKEHHE 110 CPABHEHHIO C Pa3BUTHEM
TEMIIEpaTyPHBIX MEPENa OB B MEUIEHHO TBep/eiolieM OeToHe. B pesynbraTe onTHMHU3aluy YpOBHU PacTATHBa-
IOIINX HANPSDKEHUH CHIDKEHBI B 2,2—3,3 pa3a 1o CpaBHEHHUIO CO CTAHAAPTHBIMH YCIOBUSIMH, YTO TTO3BOJIIET Oe-
TOHUPOBATH TUIUTHI TOJIIIMHOMN /10 3 M O€3 NCIIOIB30BAaHMS CHCTEM HCKY CCTBEHHOTO OXJIQXKIACHHS.

KaroueBbie ci1oBa: MaccuBHBIE (DyHIAMEHTHBIE TUIUTHI, PAaHHEE TPEIINHOOOpa30BaHNuE,

TeMIepaTypHbIe HAIPsHKCHUS, ONTHMHU3AINS TBEPICHNS, KHHETHKA TETUIOBBIACTICHNs OETOHA, TEIUIO0TIa4a,
METO]T POSI YaCTHUII, OBICTPOTBEPICIONTNI OETOH, TETUION3OJISIIHS
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INTRODUCTION

The problem of monitoring thermal stresses in
massive concrete and reinforced concrete
structures during their construction is a press-
ing issue in global construction practice [1-3].
When constructing high-rise buildings and
structures, as well as multi-story buildings,
foundation slabs at least 1 m thick are used,
which fall into the category of massive struc-
tures, necessitating an assessment of the risk
of early cracking and the development of
measures to prevent it [4-6].

Traditionally, the use of slow-hardening con-
crete is recommended to reduce the risk of early
cracking, which reduces peak temperature dif-
ferences [7-11]. However, this approach often
fails to account for the lag in the growth of
strength properties relative to the development
of temperature gradients, which can lead to
dangerous levels of tensile stress.

In recent years, considerable attention has been
devoted to methods of numerical modeling of
thermal and stress fields in massive structures
[12-14]. Studies [15-18] demonstrate the effec-
tiveness of using surface thermal insulation for
temperature control. However, most studies are
limited to analyzing temperature fields without
comprehensively considering the kinetics of
strength gain and the development of concrete's
mechanical properties.

Modern approaches to optimizing curing condi-
tions are based on the combined solution of heat
transfer and deformation mechanics problems
using numerical optimization methods. Simpli-
fied models for assessing the stress-strain state
of foundation slabs have been proposed in [19-
21]. However, the targeted selection of concrete
parameters and heat transfer conditions to min-
imize tensile stresses remains understudied. In
particular, there are no methods for simultane-
ously optimizing the kinetics of concrete heat
release and the intensity of surface heat transfer,
taking into account various climatic conditions
and geometric parameters of structures.

A literature review revealed a lack of compre-
hensive methods for optimizing the curing
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conditions of massive foundation slabs, aimed
at minimizing tensile stress as an objective
function. Existing recommendations for the
use of slow-hardening concrete do not take
into account the effect of delayed strength
characteristics on stress, which can lead to
suboptimal design solutions. Therefore, de-
veloping a method for determining optimal
heat generation and heat transfer kinetics from
the slab's upper surface for various concreting
conditions is a pressing scientific and practical
challenge. The results of this study will enable
informed selection of concrete compositions
and thermal insulation parameters that mini-
mize the risk of cracking.

The purpose of the work is to develop a meth-
odology for optimizing the conditions of con-
crete hardening in massive monolithic founda-
tion slabs, aimed at minimizing the risk of early
cracking by reducing the level of tensile stresses
in the initial period of hardening.

Within the framework of the set goal, the fol-
lowing tasks were solved:

1. To develop a calculation model describing the
combined influence of the kinetics of heat gen-
eration in concrete and heat exchange condi-
tions on the formation of temperature fields and
the stress-strain state in massive monolithic
foundation slabs.

2. To define the optimization objective function
and select the variable parameters.

3. To conduct a series of calculations for various
slab sizes and climatic conditions using nonlin-
ear optimization methods (interior point meth-
od, pattern search method, particle swarm
method).

4. To analyze the obtained optimal parameter
values, evaluate the effectiveness of various op-
timization methods and the influence of initial
conditions on the result.

5. To formulate practical recommendations for
the selection of concrete and optimal heat trans-
fer parameters to reduce tensile stresses in mas-
sive foundation slabs without the use of artifi-
cial cooling systems.
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METHODS

The maximum level of tensile stresses was
adopted as the objective function when solving
the problem of determining the optimal condi-
tions for concrete hardening in massive mono-
lithic foundation slabs:

£=2 " min, (1)

where o is the tensile stress, R, is the current

tensile strength of concrete.

The determination of the maximum level of ten-
sile stresses was carried out using a simplified
method given in [19]. In the first stage, the tem-
perature field was calculated in a one-
dimensional formulation using the equation:

2
/18—§+W:pca—T
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where A is the thermal conductivity coefficient

of the material, 7 is the temperature,
00 . :
W:6—le the power of internal heat sources
t

for 1 m® of concrete, p is the density, ¢ is the

specific heat capacity.

The temperature field was calculated using the
finite element method in conjunction with a soil
massif whose thickness was assumed to be con-
stant and equal to 3 m. The values of the ther-
mophysical characteristics of the soil and con-
crete adopted in the calculation are presented in
Table 1.

Table 1. Thermophysical characteristics of soil
and concrete

Density | Specific Thermal con-
o heat ca- | ductivity co-
kg/m® | pacity c, | efficient A,
J/(kg-°C) | W/(m-°C)
Soil 1600 1875 1.50
Concrete | 2400 1000 2.67
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On the upper surface, boundary conditions of
the third kind were adopted (convective heat
exchange with the environment):

ia—T+hup(T—Too)=O, 3)

0Oz

where 7., is the ambient temperature, /,, is the

heat transfer coefficient on the upper surface.

At the lower surface of the soil massif, boundary
conditions of the first kind were adopted (the tem-
perature is constant and equal to 7;,,). The heat

release function of concrete was taken as [22]:
28"
O(t)=0pg-exp k'Ll—(Tj J ,

where 7 is the time in days, O,4 is the amount of

heat released during the first 28 days of harden-
ing (MJ/m?), the coefficients k and x depend on
the rate of hardening of the concrete.

When calculating temperature stresses, the de-
pendence of the mechanical characteristics of
concrete on the equivalent age 7,, was taken

into account. The equivalent age was calculated
by the formula:

t

1
teq :E!)‘T(T)d’[, (5)

7

where T, =20°C is the temperature corre-

sponding to normal conditions, 7'(7) is the

temperature at an arbitrary point of the founda-
tion slab at age 7.

The function of change in cubic strength under
compression was taken as [23]:

R =Ry exp(s(l— 2871, )) (6)

where 7,, is the equivalent age of concrete in

days, R,g is the compressive strength at the age
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of 28 days (when hardening under normal con-
ditions), s is a coefficient depending on the ki-
netics of concrete hardening.

Table 2 presents the values of the coefficients
k, x and s according to data [24].

Table 2. Values of coefficients k, x, s accord-
ing to data [24]

Classification of concrete according to EN
206.1
Rapid Normally | Slow Very
hardening | hardening | hardening | slow
hardening
k 1 <0.15 0.16-0.2 ] 0.21-0.24 | >0.24
x | 045 0.46-0.51 | 0.52-0.62 | >0.62
s | <0.25 0.25-0.43 1 0.43-0.7 | >0.7

This table shows a tendency towards an increase
in the coefficient s together with the coefficient
k. The same applies to the coefficient x. There-
fore, the coefficient & was chosen as the first
variable parameter determining the kinetics of
heat release of concrete, and the coefficients x
and s were expressed through the coefficient &
using approximating formulas:

x=17.2-k*-4.83-k+0.787;
s=494-k—-0.512.

()

The modulus of elasticity of concrete at equiva-
lent age 7,, was determined as a function of its

compressive strength based on the formula [25]:

R 0.28
E =22265- (—j : (8)
10

Until the equivalent age of 12 hours, it was con-
sidered that concrete was not yet a solid body
capable of withstanding stress, and the modulus
of elasticity was taken to be zero.

Tensile strength, like the modulus of elasticity,
was taken as a function of compressive strength
[26]:

R, =0.29R*. )
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The calculations were performed at R,g= 37

MPa, Poisson's ratio of concrete v =0.2, coeffi-
cient of  linear thermal expansion

a=10"1/°C. The value 0,3 was taken as

constant and equal to 130 MJ/ m?.
The second optimized variable was the parame-
ter A,,. In the calculation program, up to the

age of 12 hours, the heat transfer coefficient on
the upper surface was assumed to be 23
W/(m?-°C), as for an uncovered surface. Subse-
quently, the heat transfer coefficient was as-
signed the value /7, .

The search for the minimum of the objective
function f (k, hup)was implemented in the

MATLAB R2021b environment using three
built-in nonlinear optimization methods:

1. Interior point method.

2. Pattern search method.

3. Particle swarm method.
The parameters of the optimization algorithms
in MATLAB were set to default values. The

values k=0.18 and £, =23 W/(m2 -°C)Were

chosen as the starting point for the search,
which corresponds to normally hardening con-
crete and standard heat transfer for external
walls, roofs, and ceilings according to Russian
design codes SR 23-101-2004. Thermal perfor-
mance desing of buildings.

For input parameters k and /,, the following

constraints were adopted:

0.1<k<04;

0.5<h,, <23.

(10)

A series of nine calculations was performed for
different values of ambient temperature 7., soil

temperature 7}, , initial concrete mix tempera-
ture 7, and slab thickness /. The initial data

for each case, as well as the objective function
values f at the initial search point, are present-

ed in Table 3.
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Table 3. Considered variants of initial data for
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Table 4. Results of solving the optimization

solving the optimization problem problem
h, o o o No. | Method k hup f
No-| o Lo "C| o, °C | Thors°C | S 1 | Interior point | 0.219 | 3.502 | 0.261
1 1 5 10 5 0.581 Pattern search | 0.219 | 3.474 | 0.261
2 1 15 15 15 0.724 Particle swarm | 0.220 | 3.436 | 0.260
3 1 25 20 20 0.927 2 Interior point | 0.202 | 4.726 | 0.280
4 2 5 10 5 1.528 Pattern search | 0.182 | 2.794 | 0.309
5 2 15 15 15 1.637 Particle swarm | 0.201 | 4.561 | 0.280
6 2 25 20 20 1.769 3 Interior point 0.159 |3.032 | 0.282
7 3 5 10 5 2.219 Pattern search | 0.149 | 2.510 | 0.288
8 3 15 15 15 2.239 Particle swarm | 0.159 | 3.032 | 0.282
9 3 25 20 20 2277 4 Interior point 0.138 [ 2.786 | 0.519
Pattern search | 0.138 | 2.795 | 0.519
Particle swarm | 0.138 | 2.786 | 0.519
RESULTS AND DISCUSSION 5 Interior point 0.121 | 3.011 | 0.523
Pattern search | 0.128 | 3.131 | 0.524
Table 4 shows the results of solving the optimi- Particle swarm | 0.121 | 3.034 | 0.521
zation problem in the form of optimal values of | 6 Interior point 0.113 |3.979 |0.562
parameters k and /.p, as well as the correspond- Pattern search | 0.115 | 4.000 | 0.562
ing value of the objective function f for each Particle swarm | 0.100 | 3.919 | 0.570
option considered using three methods. The best | 7 Interior point | 0.172 | 2.903 | 0.819
solutions for each option are underlined. Pattern search | 0.151 | 2.820 | 0.805
Table 4 shows that the three methods used Particle swarm | 0.127 | 2.645 | 0.802
yielded roughly the same results. The particle | g Interior point 0.131 |12.687 |0.798
swarm method proved to be the most stable for Pattern search | 0.144 | 2.750 | 0.806
this problem, providing the best solution in Particle swarm | 0.131 | 2.687 | 0.798
eight of the nine variants considered. HOW@VCI‘, 9 Interior point 0.122 | 3.235 0.852
this method has the highest computational com- Pattern search | 0.125 | 3.250 | 0.853
plexity, as it evaluates the objective function Particle swarm | 0.122 | 3.235 | 0.852

value at multiple search points rather than just
one at each iteration. It should also be noted that
the interior point method finds a local maximum
in the vicinity of the initial search point, but not
a global one, unlike the other two methods used.
As a result of optimization, the maximum values
of the tensile stress level were reduced from 2.2 to
3.3 times compared to the initial search point, cor-
responding to the average heat release kinetics of
concrete and the uncovered upper surface.

Based on the obtained solutions, optimal heat
transfer coefficient values range from 2.51 to 4.73
W/(m?°C), indicating the feasibility of insulating
the upper surface. This method for reducing the
risk of early cracking is generally accepted and
has been previously discussed in [15-18, 27].
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The required thickness of thermal insulation
can be calculated based on the formula for the
heat transfer coefficient from the insulated
surface [27]:

(11)

i surf

where /sy 1s the heat transfer coefficient from
an uninsulated surface, J; is the thickness of the
i-th insulation layer, i is the thermal conductiv-
ity coefficient of the i-th insulation layer.
For one layer of insulation, its required thick-
ness can be calculated using the formula:
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1 1

For example, for the “Penofol” insulation
(closed-cell polyethylene foam with a thin layer
of aluminum foil) at Asr = 23 W/(m?-°C) and
Ar=0.045 W/(m-°C), the optimal heat transfer
coefficient of 2.51-4.73 W/(m?*°C) corresponds
to a thickness of 7.5 to 16 mm.

The optimal values of the coefficient k, which
determines the heat release kinetics of concrete,
range from 0.1 to 0.22, indicating a preference
for normal and rapid-hardening concrete over
slow-hardening concrete. Furthermore, with in-
creasing slab thickness and ambient tempera-
ture, the optimal k value tends to decrease, sug-
gesting that under these conditions, rapid-
hardening and ultra-rapid-hardening concrete
are preferable.

This finding regarding the undesirability of us-
ing slow-hardening concrete in massive founda-
tion slabs contradicts generally accepted opinion
[7-9]. However, authors who postulate the ne-
cessity of using slow-hardening concrete in
massive structures use the maximum tempera-
ture within the structure and the temperature
difference between the center and surface of the
structure, rather than the level of tensile stress,
to assess the risk of early cracking.

Our finding regarding the undesirability of us-
ing slow-hardening concrete can be explained
by the fact that the rate of increase in strength
properties of such concrete lags behind the ki-
netics of heat release and, consequently, the de-
velopment of maximum temperature differences
between the center and surface of the structure.
Let's examine this in detail using option 6 as an
example. Figure 1 shows heat release curves
plotted for k& = 0.18 (initial approximation),
k=0.115 (optimal solution), and k = 0.24 (slow-
hardening concrete).

Fig. 2 shows the change in time of the maxi-
mum temperature difference AT between the
center and the upper surface of the structure for
the initial approximation, at & = 0.115 and
hup=4 W/(m?-°C) (optimal solution) and for
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slow-hardening concrete at k& = 0.24 and
huyp=4 W/(m?-°C). A decrease in heat transfer
on the upper surface leads to a decrease in the
maximum value A7 from 22 to 11 ° C. In the
case of using slow-hardening concrete, the max-
imum temperature difference, compared to rap-
id-hardening concrete, is reduced insignificantly
(by only 0.2 °C)

1,

0.6p —k=018,h =23
up

——k=0.115,h =4
up

08 k=024,h =4
g P
O
04
0.2
0 | | | | | |
0 5 10 15 20 25 30
t, days
Figure 1. Heat release curves
25 ¢
——k=0.18,h =23
up
——k=0115,h =4
20 up
k=024 h =4
up
g 5
Q
L
q 187 \
5
O L L L L L I}
0 5 10 15 20 25 30

t, days
Figure 2. Change in time of the maximum tem-
perature difference AT between the center and
the upper surface of the structure

The maximum temperature difference for rap-
id-hardening concrete at k= 0.115 is reached
at t=3.7 days, and at this age, the tensile
strength is 96% of the strength at 28 days
(Fig. 3). For slow-hardening concrete, the
maximum temperature difference is reached at
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t = 9.3 days , and at this age, the R/ value is
81% of the strength at 28 days, which is sig-
nificantly less than for rapid-hardening con-
crete. Moreover, Fig. 3 shows that the growth
of the concrete elasticity modulus outpaces
the growth of tensile strength. All this taken
together leads to the fact that the maximum
tensile stress level for slow-hardening con-
crete, with the same value of the heat transfer
coefficient, is significantly higher than for
rapid-hardening concrete (1.13 versus 0.56). A
comparison of the curves for the change in
stress level over time is shown in Fig. 4.
Another important feature should also be not-
ed in Fig. 4. The curves of change 6/R: at hup
= 4 W/(m?-°C) (yellow and red lines) have
two maximum points and a kink. The kink in
these graphs is due to the change in the posi-
tion of the critical point where the maximum
tensile stress is reached (the critical point
moves from the upper surface to the lower
surface). For the optimized curve (red line),
the maximum values at the two critical points
coincide, indicating that the structure is of
equal strength. It is well known that equal
strength of a structure is one of the criteria for
its optimality [28-30].

1 .

0.8

0.6

Rt/Rt,ZB

—R/R

(k=0.18,h =23)
(k=0.115,h =4)
up

04 t 1,28
Rt/Rt,ZB (k= 0.24, hup =4)
. - = ElE,y (k=0.18,h =23)
: - - E/E28 (k=0.115, hup=4)
E/E28 (k=0.24, hup =4)
O L L 1 L J
0 2 4 6 8 10

t, days
Figure 3. Curves of relative change in concrete
tensile strength and elastic modulus over time
(values are calculated based on the tempera-
tures of the upper surface of the slab)
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2 -
—k=0.18,h, =23
——k=0115h =4
15+ k=024,h =4
o
€ 1
05
0 L 1 Il L 1 ]
0 5 10 15 20 25 30

t, days
Figure 4. Comparison of stress level change
curves over time

The use of the developed optimization method-
ology makes it possible to determine curing
conditions under which it is possible to concrete
foundation slabs up to 3 m thick or more with-
out the use of expensive cooling systems.

CONCLUSION

1. The methodology for optimizing concrete
curing conditions in massive monolithic founda-
tion slabs has been developed and tested. This
methodology aims to minimize the tensile stress
level 6/R: as an objective function. The method-
ology is based on a combined solution to the
heat transfer problem and the stress-strain state,
taking into account the kinetics of heat release
and concrete strength gain.

2. It has been established that the most effective
way to reduce the risk of early cracking is the
combined control of two parameters: the kinet-
ics of heat release from concrete (through the
coefficient k) and the intensity of heat transfer
from the upper surface of the slab (through the
coefficient /up).

3. Optimization showed that to minimize tensile
stresses it is necessary to:

- reduce the heat transfer coefficient Aup to val-
ues of 2.5-4.7 W/(m*°C), which corresponds to
the use of thermal insulation coatings on the
surface of the slab.
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- use normal and rapid-hardening concrete, not
slow-hardening concrete.

4. The obtained result contradicts the wide-
spread belief that slow-hardening concrete is
preferable for massive structures. It was shown
that when using slow-hardening concrete, the
increase in tensile strength lags behind the de-
velopment of temperature changes, leading to
higher tensile stress levels compared to rapid-
hardening concrete, all other things being equal.
5. The particle swarm method demonstrated the
best efficiency in solving the given optimization
problem, providing the lowest values of the ob-
jective function in 8 of the 9 considered vari-
ants, despite the increased computational com-
plexity.

6. The proposed method reduces tensile stress
by 2.2-3.3 times compared to typical conditions
(uninsulated surface, normally hardening con-
crete). This opens the possibility of concreting
massive foundation slabs up to 3 meters thick or
more without the need for complex and expen-
sive artificial cooling systems.

7. The equal strength criterion of the structure,
observed with optimal parameters (coincidence
of stress maxima at different points of the sec-
tion), confirms the correctness and effectiveness
of the proposed approach to the design of hard-
ening conditions for massive concrete struc-
tures.
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