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Abstract. Modeling the structural behavior of concrete at early ages is one of the most
challenging, yet fundamental, tasks for civil engineers working on mass concrete. To obtain
a reasonably accurate model, a number of factors should be taken into account. Considerations
should include both external influences as well as the changes occurring in the complex
structure itself. The modeling of an early-age concrete massive slab requires the proper
assignment of initial conditions, including the initial temperature of the analyzed element and
the adjacent structures. The temperature distribution in the subsoil is the factor analyzed in this
paper. The aim of the study is the determination of the temperature distribution in the ground,
which is useful in the process related to the acquisition of the most accurate model of the
analyzed structure and reflects the actual conditions in the numerical model. For this purpose,
the analytical method described in the literature was applied and subsequently evaluated on the
basis of the numerical calculation. The performed calculations allow the estimation of the
depth representing the range of the influence of the temperature in the ground and the values of
the temperatures corresponding to the successive layers of the subsoil. Moreover, aiming the
optimization of the numerical analysis of the massive foundation slab, the legitimacy of such
detailed consideration of the temperature development in the underlying subsoil was evaluated
by the comparison with the temperature distribution in the slab obtained with simplified
consideration of the constant soil temperature.

1. Introduction

The complex geometrical/support constraints of massive concrete structures, which are additionally
subjected to the changes related to the cement hydration process as well as the number of the external
factors caused by the successively rising challenges for the realistic/accurate early age modeling [1]-
[5]. The influence of the thermal-moisture fields and stresses in the massive elements might be
significant; therefore they should be taken into account in that kind of considerations. Nevertheless,
the structural behavior is affected by such factors in considerably differentiated way. Thus, aiming at
the optimization of the numerical modeling of early age mass concrete, their influence on the analysis
needs to be properly assessed. The factor considered in this paper is the distribution of the initial
temperature in the subsoil. The determination of its development in the successive layers of the ground
was performed. At first, the analytical method described in [6], [7] was applied to calculate the initial
temperature profile of the soil below the analyzed slab. Following, this analytically determined
temperature profile was compared and verified with the results of the numerical computation. Besides
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this verification, the relevance of such a detailed consideration of the initial temperature profile of the
soil on the thermal behavior of the analyzed slab was questioned. Therefore, a comparative humerical
analysis was performed in which the temperature distribution in the foundation slab was determined
with different initial temperature profiles in the soil, namely the detailed one and a simplified one with
constant soil temperature at the beginning.

2. Description of the structure

The subject of this study is a massive foundation slab with the geometry presented in Figure 1. The
initial temperature of the subsoil is one from the number of input parameters necessary to assign in the
numerical model for thermo-mechanical analysis of the massive structure.

RS
Figure 1. The geometry of the analyzed structure

The initial temperature profile of the subsoil was determined with regard to the environmental
temperature registered by a meteorological station located in the nearby area of the executed structure
(Braunschweig in the southern part of Lower Saxony, Germany) [8]. Aiming to the reduction of the
size of the model, the investigation included the determination of the limit depth, thus, the edge of the
influence of the temperature in the ground. The time of casting of the structure corresponded to the
summer season (August), the conditions of soil before casting were assumed as for excavation
relatively long before.

3. Determination of the temperature distribution in the ground
3.1. Analytical method

3.1.1. The description of the method. The method enabling determination of the temperature
distribution in the ground was presented by Baggs in [6]. The study including the algorithm of
calculations of the temperature referred to grounds localized in Australia, depending on the specific
location on the continent. The formula for determination of the soil temperature as a function of time
and depth was provided in the mentioned paper. This formula was adopted to the European conditions
on the example of Poznan (Poland) by Popiel et al. [7]. Authors observed convergence of results
calculated according to the modified version of the formula with the experimental results. The result of
the above-mentioned considerations is the following formula:

2T
T(x,t) = (T, + AT,) — 1.07k,A.exp(—0.00031552xa~%°) - cos 365 (t—to + 0.018335xa‘°'5)] 1)
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where: a — average annual thermal diffusivity of undisturbed ground, m%s, As — amplitude of annual
average air temperature wave, °C, ky — vegetation coefficient [-], g — heat flux density, W/m?, t — time,
days, to — phase of air temperature wave, days, T -temperature, °C, T — average annual air
temperature, °C, ATn — the difference between the environmental temperature and the temperature
above the ground, °C, x — depth below the ground, m.

3.1.2. Assumptions to calculations. The calculation of the temperature in the ground assumed the
parameters listed in Table 1 and Table 2. The data were chosen according to the study described in [8],
supplemented with the information due to the type of soil [9], [10].

Table 1. Parameters of the subsoil

Property Symbol Value Unit
Density P 2070 [10] kg/m?3
Thermal expansion coefficient or 10 x 108[9] 1/°C
Conductivity k 1.4[8] W/(°Cm)
Heat capacity C 2.15 x 10°[8] JI(°Cm3)
Modulus of elasticity E 30 MPa
Poisson’s ratio v 0.2 -

Table 2. Values of parameters assumed in the formula (1)

Calcglated Assumed value Description
variable
T 9.20C based on the data obtained in meteorological station in Braunschweig/Southern
m .
Saxony/Germany
ATm 0 no data (the temperature above the ground equal to the environmental temperature)
Ky 1.00 depends on the proportion of vegetation projective shade cover; value assumed as for
' “bare ground in full sun”
As 8.25°C As = (Tmax - Tmin)/2, Tmax, Tmin— based on the data from meteorological station
X variable analyzed depth: 20 m; determined values for every 0.2 m
a 6.5116 x 107 a=K/C; K=1,4W/(s°Cm), C = 2150000 J/m?3
m?/s (according to Table 1)
t variable time of analysis: 3 years; time step: 1 day
to 220 days phase of air temperature wave (method of determination shown below)

Taking into account the temperature varying periodically with time:

T(x=0t)=Acos[2—n(t—t)] 2
’ 771365 0
and the average temperature equal to:

Tx=0,t) =T —T, 3)

where: T — the average monthly temperature, °C (based on the data from meteorological station);
T,,= 9,208 °C (according to Tab. 2). Formulas (2) and (3) present two approaches for determination of
the value of T(x = 0,t), therefore the value of the air temperature wave to may be determined with
application of the iterative method consisted in adjustment of the function (2) and (3), as presented in
the Figure 2. The time t corresponded to 15" day of every subsequent analyzed month.
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The average monthly temperature

Temperature, °C

Time, months ¢ function (3)

B function (2)

Figure 2. The result of the iterative determination of the parameter to (description in the text)

3.2. Numerical calculations

3.2.1. Distribution of the temperature in the subsoil. The simulation of the temperature distribution in
the subsoil was performed with the use of the software DIANA FEA. Aiming to the reduction of both
the time required for calculation, and the complexity of the model, the analysis was limited into
a single “thin column’ of the subsoil. Thus, a prism of the plan dimensions 0.2 x 0.2 m and the height
of 20 m was investigated. The material parameters of the soil were defined according to the Table 1.
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B R R R e
o N M O ©®Oo N RO O

The environmental temperature development

N\ N\ N\
[\ [\ [\
[\ [\ [\
[\ [\ [\
/ \ / \ [ \
/ \_ \ \
/ \ / \ / \
/ \/ \/ \
N \J/ \J/ )
Time, days

Figure 3. Distribution of the environmental temperature assigned in the software DIANA
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The boundary conditions (environmental temperature and heat transfer coefficient) were assigned
to the top surface of the element, while adiabatic conditions were attributed to the remaining surfaces.
Environmental temperature applied to the model, calculated based on the relation (2), is presented in
the Figure 3. The time of analysis was set as 3 years to provide the stabilized values of obtained
temperature. The temperature distribution in the ground corresponding to the 3™ year of analysis is
shown in the Figure 4. The calculated temperature was assumed in the target model of massive
foundation slab as the initial temperature of the subsoil being the part of the structure. Taking into
account the initial time of concreting, which was 2" August 2005, the temperature values were
designated for every 2" day of subsequent month.

3.2.2. Conclusions resulting from analytical and numerical calculations. The numerical analysis
enables the calculation of the temperature profile of the ground for the assumed depth of 20 m. Figure
4 indicates an influence of the external temperature until a depth of 8 m under the ground surface and
the value of 10 m as the height of the solid which might be considered as sufficient to be taken into
account in a simulation, from this point of view (temperature profile in the soil before casting). On the
depth below 10 m, the temperature of the subsoil stands at the level of the initial temperature of the
ground (in the analyzed case: T,,, = 9.2°C).

Moreover, the comparison between results of analytical (model of equation (1)) and numerical
calculations was made. It was found that the analytically and the numerically determined temperature
profiles in the soil are almost identical, as shown in Figure 5.

" The temperature development in the ground
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results of analytical calculations
= == results of calculations in DIANA software

Figure 5. Distribution of the temperature in the soil obtained in analytical and numerical calculations
for 2" August (the beginning of concreting)

It is noted that the values presented here for the analytical calculations include a seasonal shift in
regard to the original model that had been proposed for Australia. Therefore, the attempt to determine
the relation between times correspondent to particular approaches was made. With the least square
method, the following relations have been observed:

a) for periods lasting from January to August: t=220-d,

b) for periods lasting from September to December:  t =220 + 366 -d,
where: d — the day of the year from 1% January (for 1% January: d = 1).

4. The influence of the soil temperature on the thermal behavior of the analyzed slab

4.1. Assumptions for analysis

The basic parameters of the sluice slab applied in FEM simulation are listed in the Table 3. The
phased concrete casting (division of the sluice slab into 7 layers), corresponding to the construction
process, was assumed. Moreover, the boundary conditions were assigned, considering the convective
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heat transfer between the concrete and the environment by the coefficient heg. The model of the
massive foundation slab with the temperature profile of the ground according to the distribution
determined in 3.2. (henceforward labeled as ‘case 1a’) was compared with the modified model with
consideration of initial constant temperature profile of the ground (labeled as ‘case la_const_soil’).
The initial temperature assigned to the soil in the ‘case 1a_const_soil” was equal to 16 °C (i.e., equal to
surface temperature at instant of casting), while the temperature profile in ‘case 1a’ was assigned
according to the Table 4. The temperature listed in the Table 3 was calculated as the average from
temperatures on the top and on the bottom of the particular layer. The total depth of analyzed subsoil
in both cases was limited into 10 m below the surface of the ground, as this was found to be sufficient
in section 3.2.2.

Table 3. Parameters of the sluice slab

Property Symbol Value Unit
Density P 2400 [11] kg/m?3
;chm?;net"pamio” ar 10 x 10 [11] 1/°C
Conductivity k 3(=0)2.1(a=1) [8] W/(°Cm)
Heat capacity C 2.3 x108[8] JI(°Cm3)
Modulus of elasticity E 34.4* GPa
Poisson’s ratio v 0.2 [11] -

Cement CEM I1I/A 32.5N (240kg/m?); Water 150kg/m?; Gravel: 0/2mm (703 kg/m3),

Concrete mix 2/8mm (222 kg/m?), 8/16mm (462 kg/m?); Fly ash (110kg/m?), BV 15 (Melius) 1.5% (3.6 kg/m?)

*- according to experimental data

Table 4. The initial temperature of the subsoil in the ‘case 1a’

Number of layer Thickness, m Depth, m Temperature, °C
1 0.2 0+0.2 16.63
2 0.4 0.2+0.6 15.88
3 0.6 0.6+1.2 14.63
4 0.8 1.2+2 13.00
5 1.0 2+3 11.31
6 1 3+4 9.99
7 1 4+5 9.22
8 1 5+6 8.87
9 1 6+7 8.77

10 1 7+8 8.81
11 1 8+9 8.90
12 1 9+10 9.00

The temperature development in the analyzed slab was the result of the generated heat during the
cement hydration. It was determined with the use of the software DIANA FEA in which the following
equation (4) is applied [12]:

(4)

oT 62T+62T+62T .
Pooge ="\ ax2 Tay? T az2) T 1
where: T — temperature, p — density of concrete, c,, — specific heat, t — time, k — thermal conductivity,
x,y,z — coordinates, g — rate of internal heat generation - calculated according to the formula (5):
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i = flap)Are Rt (5)

where: f(ay) - normalized heat generation rate, Ay— rate constant (Az= 1.75-10° J/(m%)), R —the
ideal gas constant (R= 8.314 J/(mol-K)), E, — apparent activation energy (E,= 38500 J/mol), estimated
according to the data provided for simulation in [8]. Aiming to the investigation of the influence of the
initial temperature of the subsoil, the hardening temperature was determined with two models of the
ground, differing in the temperature assignment.

4.2. The result of the analysis

Aiming at the drawing of conclusions from the analysis, the temperature and the stress distribution in
both models were compared to each other. Figure 6 presents the development of the temperature in
three characteristic points of the slab: at the bottom, in the middle and on the top of the cross section
localized in the axis of symmetry of the slab. The development of the temperature obtained from both
analyses are in line, thus, it can be concluded that the different layered temperature of the subsoil has
no significant influence on the temperature generated in the present case.

Temperature
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Figure 6. Temperature development

Figure 7 presents maps of the temperature for chosen steps (the same in both cases of analysis).
The maps for the cross-section in the plane of symmetry of the structure have been compared. The
obtained values of the temperature in the slab in the case la (Figure 7a) coincide with the values
related with the case_la constsoil (Figure 7b). The difference is noticed only in the temperatures of
the subsoil. Nevertheless, it has no meaningful influence on the temperature generated in the overlying
slab. Even the Figure 7 indicates some negligible differences at the beginning in the top part of the
slab, they are not captured in the temperature development at specific points (Figure 6) and they
disappear after a short while.
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Phase_7. Tme-step &7, Time 0.26460E+06

Temperatures PTE
min: 8.79°C max: 43.66°C

Phase_7, Time-step 143, Time 0.61020E+0%
Temperatures PTE
min: 8.82°C max: 37.87°C

Phase_7, Time-step 330, Time 0.12114E+07
Temperatures PTE
min: 8.85°C max: 29.69°C

Phase_7. Time-step 67, Time 0.26460E+06
Temperatures PTE
min: 14.63°C max: 43.60°C

Phase_7, Time-step 163, Time 0.61020E+06
Temperatures PTE
min: 13.47°C max: 37.87°C

Phase_7, Time-step 330, Time 0.12114E+07
Temperatures PTE
min: 12.38°C man: 29.93°C

Figure 7. Maps of the temperature in the slab and the soil for chosen steps corresponding to 3 (step
67), 7(step 163) and 14th (step 330) day of analysis obtained a) in the case_1a, b) in the
case_la const_soil
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Figure 8. The comparison of the distribution of stresses g, and a,,, in time

Furthermore, the developments of stresses o, and a,,, in time of analysis were summarized and
compared. The results are presented in the Figure 8. The distributions are corresponding to the same
points, as in the case of the temperature development. Based on the following diagrams, similar
observation might be pointed, that the simplified method of assuming the initial temperature profile of
the ground as constant had negligible influence on the obtained results.

The distribution of the stress a,., in the cross - section localized in the plane of symmetry of the
structure is presented in the Figure 9. The maps of the stress a,., are corresponding to the chosen steps
of the analysis (related to the 7", 14" and 28™ day of analysis). The results obtained in both cases are
similar to each other, the differences in values and distributions of the stress are negligible.
The variations between particular values calculated in the case_la (Figure 9a) and case_la_constsoil

(Figure 9b) are within 3%.
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Figure 9. Maps of stress a,, for chosen steps corresponding to the 7" (step 163), 14™ (step 330) and
28" (step 357) day of analysis obtained a) in the case_1a, b) in the case_1a_constsoil

5. Conclusions

The initial temperature profile of the subsoil is one of a number of parameters, which is required for
the thermal-mechanical simulation of the massive foundation slab. The current study is an attempt to
determine both the initial temperature profile in the ground and the minimum height of the subsail,
which is needed to be taken into account during the analysis. The temperature of the subsoil was
calculated with an analytical method available in the literature. The obtained results were evaluated by
numerical calculations. The suitability of the analytical method was confirmed by the good
convergence of results obtained from both the numerical and the analytical approach. The performed
calculations allow the determination of the depth representing the range of influence of the
temperature in the ground. It was estimated as 10 m in the case studied herein. That conclusion is
relevant from the practical modeling point of view, because it allows a reduction of the total size of the
model and the number of the finite elements.

Moreover, the study allowed the verification of the necessity of the detailed (layered) determination
of the initial temperature profile in the ground, thus, varying at the height of the analyzed solid of the
soil. The study allowed observing the negligible effect of such precise assumptions of the soil
temperature in this case study — the assumed constant temperature soil did not cause any changes in
the temperature and stress development in the massive foundation slab. The study has shown that the
assumption of the constant temperature over the entire height of the soil, which is a less time-
consuming approach, enables obtaining similar results.
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