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Abstract Thermal analysis of mass concrete is often

carried out through finite element (FE) analysis. The

heat release rate in a material point can be determined

from a small-scale isothermal calorimeter. Nonethe-

less, isothermal calorimeter is generally an expensive

device and lacks practicality. In that light, this paper

proposes a low-cost semi-adiabatic calorimeter setup

complemented with a FE analysis. Such a combination

provides evolution of hydration heat under isothermal

temperature and enables upscaling to the temperature

evolution in mass concrete structures. The upscaling

process is demonstrated on three mass concrete

blocks. Initially, semi-adiabatic measurements start

on 14 dm3 concrete cube to identify the heat release

rate. Next, the calibrated hydration model is upscaled

and validated on a 1.0 m3 concrete cube and two mass

concrete foundation blocks with 511 and 1,050 m3.

The validation proves successfully the upscaling

approach; also, the same temperature-dependent

hydration kinetics performs well from small to large

scales.

Keywords Cement hydration �Mass concrete �
Upscaling � Temperature � Semi-adiabatic

experiment

1 Introduction

The term ‘‘mass concrete’’ describes concrete mem-

bers where high thermal gradients may lead to

cracking. Binder content and initial concrete temper-

ature belong to the most critical factors; even concrete

members that are only 0.5 m in thickness may be

susceptible to thermal cracking [23]. Temperature

gradients emerge as a result of concrete’s low thermal

conductivity, the exothermic hydration process, and

the surrounding ambient temperature. Consequently,

significant tensile stresses may develop, leading to

early age thermal cracking and thus compromising

concrete durability [29].

Several protective measures to avoid concrete

cracking were developed and a comprehensive list

and practical guidelines for mass concrete were

formulated [1, 21, 23]. For example, the cooling rate

should not exceed 3 �C/h during the first 24 h and

caution is necessary in cold weather when concrete

temperature falls below 4 �C [22, 24]. Furthermore,

W. R. L. da Silva (&) � V. Šmilauer
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studies and experience have shown that surface

cracking can be minimized or avoided when the

maximum differential temperature between the inte-

rior and exterior surface of concrete is limited to less

than 20 �C [20]. In addition, the temperature in

structural concrete should never exceed 70 �C during

hardening in order to avoid the formation of delayed

ettringite accompanied by expansion [2].

Several complex thermo-chemo–mechanical mod-

els were formulated during the last decades. They

include prediction of thermal stresses, concrete creep

or early-age cracking [13, 14, 16, 18, 26, 28]. A

remarkably high number of input parameters involved

render them difficult for daily use. In this regard, this

paper focuses on temperature evolution only.

Predicting temperature rise and its gradients present

a classical approach for crack mitigation. Hydration

models are largely responsible for this task. To

mention a few of them, the CEMHYD3D model based

on cellular automata [3] or the model based on the

theory of reactive porous media [11] are remarkable.

Our approach relies on a modified kinetic model for

concrete by Cervera et al. [9] in which the hydration is

approximated through the chemical affinity as a four-

parametric function. The affinity function can be

easily calibrated from isothermal calorimetry.

However, semi-adiabatic experimental setup is

used more extensively due to its simplicity and

availability. As opposed to isothermal calorimetry,

temperature evolution depends now on heat capacity,

boundary conditions, and concrete temperature. In

order to consider nonhomogeneous temperature across

a sample, finite element (FE) simulation is needed.

Figure 1 shows such a work flow, accommodating the

same hydration model on several length scales. The

main objective of this paper focuses on upscaling from

semi-adiabatic measurements to mass concrete struc-

tures, starting from 14 dm3 and ending at 1,050 m3

concrete block.

2 Thermal field analysis and affinity hydration

model

2.1 Weak formulation of heat transport

The transient three dimensional heat conduction

problem in incompressible media is derived from a

well-known energy balance on a differential element.

The combination of that with Fourier’s law leads to the

differential equation

kðxÞDTðxÞ þ Qðx; tÞ ¼ qðxÞcVðxÞ
oTðx; tÞ

ot
; ð1Þ

where Tðx; tÞ (K) is the unknown temperature field,

kðxÞ (W m-1 K-1) is the thermal conductivity of an

isotropic material, qðxÞ (kg/m3) is the material den-

sity, cVðxÞ (J kg-1 K-1) is the specific heat capacity,

Time

Simulation
Experiment

Te
m

pe
ra

tu
re

 

Semi-adiabatic setup

Validation on large scale
mass concrete block

Validation on small scale
mass concrete block

Calibration

Time

C
um

. h
yd

ra
tio

n 
he

at

Hydration under
isothermal conditions

o(25 C)

Affinity hydration model

Calibrated model

3(220×220×220)mm - Volume ~ 15dm

Small scale

3(1.0×1.0×1.0)m - Volume ~ 1.0m

3(19.6×10.1×2.5)m - Volume ~ 511m 3(20.1×20.1×2.6)m - Volume ~ 1050m

Large scale

Fig. 1 Upscaling semi-adiabatic temperature measurements: a calibrated hydration model is used for validation on mass concrete

blocks
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and Qðx; tÞ (W/m3) represents a known heat source, in

this case, the concrete hydration heat. Initial and

boundary conditions can be assigned to Eq. (1).

A weak solution is obtained by multiplying Eq. (1)

with a virtual temperature field [27]. After a short

elaboration, a weak formulation reads

C _rþKr ¼ p; ð2Þ

where K is the conductivity matrix, C is the capacity

matrix, and p is the heat load vector, which captures

both the boundary conditions and the heat source.

Using a matrix of shape functions N and a matrix for

temperature gradient interpolation B, K, C, and p are

presented as follows

K ¼
Z

X

BðxÞTkðxÞBðxÞdX; ð3Þ

C ¼
Z

X

NðxÞTqðxÞ cVðxÞNðxÞdX; ð4Þ

p ¼ �
Z

Cc;T;q

NðxÞT nðxÞT qðx; tÞ dC

þ
Z

X

NðxÞTQðx; t; rÞdX: ð5Þ

Temperature-dependent terms will appear directly

on the left hand side of Eq. (2). However, the heat

source Qðx; t; rÞ is coupled nonlinearly with temper-

ature and a v-form version of the trapezoidal scheme is

used in the form of predictor-corrector scheme. After a

few iterations, Eq. (2) satisfies sufficiently both the

heat balance on a structure and the temperature-

dependent heat source in a material point [17, 27].

2.2 Affinity hydration model

The affinity hydration model provides a framework for

accommodating all stages of cement hydration. It

considers hydrating cement under isothermal temper-

ature at 25 �C. The rate of hydration can be expressed

by the chemical affinity eA25ðDoHÞ as

dDoH

dt
¼ eA25ðDoHÞ; ð6Þ

where the chemical affinity has a dimension of 1/time.

The affinity for isothermal temperature can be

obtained experimentally; in particular, the isothermal

calorimetry measures a heat flow q(t), which gives the

hydration heat Q(t) after integration.

Cervera et al. [9] proposed an analytical form of the

normalized affinity, which was further refined by

Gawin et al. [13]. A slightly modified formulation is

proposed in this work

eA25ðDoHÞ¼B1

B2

DoH1
þDoH

� �

� ðDoH1�DoHÞexp ��g
DoH

DoH1

� �
; ð7Þ

where B1 and B2 are coefficients to be adjusted, DoH1
is the ultimate hydration degree, and �g represents the

micro-diffusion of free water through formed

hydrates.

The parameters from Eq. (7), i.e. B1;B2;DoH1;
and �g; express isothermal hydration at 25 �C. When

hydration proceeds under varying internal tempera-

tures, which normally happens, the affinity eA25 is

scaled via Arrhenius equation to an arbitrary temper-

ature T (K) by

eAT ¼ eA25 � exp
Ea

R
� 1

273:15þ 25
� 1

T

� �� �
; ð8Þ

where R (J mol-1 K-1) is the universal gas constant

and Ea (J/mol) is the activation energy.

For example, simulating isothermal hydration at

35 �C means scaling eA25 with a factor of 1.651 at a

given time. This means that hydrating concrete for 10

h at 35 �C releases the same amount of heat as

concrete hydrating for 16.51 h under 25 �C. Notice

that setting Ea = 0 in Eq. (8) ignores the effect of

temperature, i.e. it assumes the hydration under 25 �C.

2.3 Performance of affinity hydration model

The affinity hydration from Eq. (7) performs well on

all OPC-derived binders. Table 1 summarizes some of

the parameters of the affinity model, whereas Fig. 2

validates them graphically against the isothermal

calorimetry data or CEMHYD3D simulation [3]. In

all cases presented in Table 1 the DoH1 was set at

0.85. Moreover, all results were scaled to isothermal

temperature 25 �C by recalculating them with the

activation energy of 38.3 kJ/mol. The water/binder

ratio was in the range of 0.4–0.5; hence, the hydration

is almost uninfluenced by a lack of water for hydra-

tion. If not so, the DoH1 needs to be reduced.
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The potential hydration heat (Qpot) is understood as

the total released heat of a finely-ground binder after

roughly 3 years under saturated conditions. The

maximum degree of hydration (DoH1) never reaches

one due to a presence of large cement grains and

unreacted supplementary materials.

3 Calibration on a 14 dm3 concrete specimen

According to Fig. 1, the upscaling starts by calibrating

the hydration model. A concrete cube with 240 mm

edge surrounded with a 100 mm thick polystyrene

foam is used (see Fig. 3). The temperature was

recorded by a K-type thermocouple placed in the

Table 1 Parameters for affinity hydration model

(DoH1= 0.85)

Binder name B1 (h-1) B2 (–) �g (–) Qpot

(J/g)

CEM I 32.5R Mitania 0.5846 1.4e–3 7.0 471

CEM I 42.5R Mokrab 1.2667 8.0e–6 7.4 495

CEM I 42.5R Prachoviceb 0.9744 7.0e–4 6.7 509

CEM I 52.5R Princigallob 1.3641 6.0e–5 5.8 518

CEM II/A-S 42.5 Mokraa 0.9744 7.0e–4 6.7 420

CEM II/B-S 32.5R Mokraa 0.9744 7.0e–4 6.7 370

CEM III/B 32.5 Mokraa 0.5846 5.0e–3 8.0 355

a Validation via isothermal calorimetry
b Validation via CEMHYD3D hydration model

0
0.1 1 10 100 1000

Hydration time at isothermal 25 C [days]o

50

100

150

200

250

300

350

400

450

R
el

ea
se

d 
he

at
 [

J/
g 

of
 b

in
de

r]

CEM I 32.5R Mitani
CEM I 42.5 R Mokra

CEM I 42.5R Prachovice
CEM I 52.5 Princigallo

CEM II/A-S 42.5 Mokra
CEM II/B-S 32.5R Mokra

CEM III/B 32.5 Mokra

Fig. 2 Validation of affinity hydration model on OPC-based

cements

44
0m

m

S-1

ST-1

440mm
440mm

20mm
380mm

380mm

100mm

240mm

Concrete
block

Polystyrene Box

100mm

240mm

240mm

Cap

Thermocouple
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Table 2 Composition in kg/m3 for concrete mixtures used in

upscaling and validation

Concrete block 14 dm3,

1 m3, 511 m3
1,050 m3

Concrete designation C1 C2 C3 C4 C5

Binder CP IV RS 420.0 408.0 345.9 340.9 314.4

River Sand (S) 750.0 720.0 292.4 288.1 300.0

Crushed-stone sand

(CS)

– – 585.6 577.0 600.7

Coarse aggregate 1

(CA1)

1.020 255.0 250.1 246.5 248.3

Coarse aggregate 2

(CA2)

– 765.0 750.3 739.4 744.8

Water 138.6 140.7 128.6 126.7 127.6

Crushed ice 59.4 60.3 55.1 54.3 54.7

Water reducing

admixturea (%)

0.65 0.65 1.0 1.0 1.0

High range water

reducing admixturea

(%)

0.44 0.32 0.15 0.15 0.40

Retarder agenta (%) – – 0.30 0.70 –

a Percent of binder mass

Table 3 Physical properties of the aggregates

Aggregate S CS CA1 CA2

Max. grain size (mm) 1.18 2.40 12.5 25.0

Fineness modulus (–) 1.41 2.48 5.97 7.07

Dust content (%) 1.1 14.5 1.0 1.1

Specific gravity (–) 2.63 2.84 2.65 2.65
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middle of the concrete cube. Table 2 specifies the used

concrete mixture C1 as well as other further used

mixtures. The properties of aggregates, which were

determined in accordance with the guidelines defined

in [5–8], are listed in Table 3.

The geometry was discretized into linear brick FEs

and transferred into open-source OOFEM package

[25]. Clinker of a binder (CP IV RS [4]) yielded

potential hydration heat of 518.37 J/g; however, the

used binder was a blended type with supplementary

cementitious materials. It turned out from the simu-

lations that 45 % of the binder needs to be replaced

with any nonreactive material (e.g. fly ash ? slag). The

contribution of slag and fly ash is considered insig-

nificant for the first days of hydration [27]. The

effective amount of clinker is therefore 0.55 9

420 = 230 kg/m3 of concrete. The same clinker

replacement ratio 0.45 in CP IV RS was used in all

simulations.

The initial temperature of concrete was set at

24.5 �C according to temperature measurement. The

thermal conductivity of concrete was assumed con-

stant at 1.8 W m-1 K-1 during all simulations. This

value is quite common in structural concretes [15, 19],

although thermal conductivity slightly decreases when

concrete binds more capillary water into hydration

products [12]. The heat capacity of concrete was set at

870 J kg-1 K-1 during all simulations, which is a

reasonable assumption [10]. The boundary conditions

of the polystyrene insulation are detailed in Fig. 4b.

Hydration kinetics of the binder was calibrated

from the semi-adiabatic setup. The parameters accord-

ing to Eqs. (7) and (8) were fitted to B1 = 0.0007 s-1,

B2 = 6.0e-5, g = 6.1, DoH1 ¼ 0:85; and Ea =

38.3 kJ/mol. The calibration of the model is displayed

in Fig. 4a, which indicates that the hydration kinetics

was fitted quite reasonably. The maximum tempera-

ture in the middle of the cube reached 55.2 �C after

15.5 h of hydration. Figure 4b displays the corre-

sponding temperature field for a quarter of the cube at

the temperature maximum.

4 Validation on a 1 m3 concrete block

Once the hydration model is calibrated, upscaling to a

1 m3 concrete block is straightforward. Figure 5 shows

geometry, discretization, boundary conditions, and

temperature field at 15.5 h. Notice that only a fourth of
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the block was modeled due to symmetry conditions.

The same concrete mixture C1 was used, see Table 2.

The reference block was cast in a 30.0 mm thick

open plywood formwork box buried in the ground.

After casting, the block was covered with an imper-

meable plastic sheet and a 40.0 mm thick layer of

water. Next, the whole system was covered with a

30.0 mm plywood formwork. The temperature in the

reference block was monitored in four different points

as depicted in Fig. 5.

Figure 6 validates the temperature evolution in the

block. The results from the inner gauge R-1 deviate

with the experimental measurements. This is likely

because the gauge R-1 was placed on the surface of the

concrete block and the measurements were therefore

considerably affected by boundary conditions. Despite

of that, the results from R-2,3,4 are good enough. The

maximum temperature in gauge R-2 reached 55.5 �C

at 15.5 h of hydration (Fig. 5).

5 Validation on 511 and 1,050 m3 foundation

blocks

Temperature evolution in 511 m3 (FB1) and 1,050 m3

(FB2) foundation blocks presents a unique opportunity

for validation. Both foundation blocks correspond to

two high story residential buildings located in Santa

Catarina, Brazil, having at least 35 floors.

The composition of all concrete mixtures used in

the blocks are summarized in Table 2. The same

binder CP IV RS is used with a known hydration

kinetics from the 14 dm3 specimen (Sect. 3).
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Table 4 Summary of thermal properties and boundary con-

ditions on FB1 and FB2

Foundation block FB1-511

m3
FB2-

1,050 m3

Concrete mixture (Table 2) C1 C3–C5

Concrete thermal conductivity

(W m-1 K-1)

1.8 1.8

Concrete heat capacity (J kg-1 K-1) 870 870

Concrete density (kg/m3) 2,350 2,350

Number of concrete layers (–) 2 3

Initial temperature of each concrete

layer (�C)

17.7 14.0

Heat capacity of the soil/rock

(J kg-1 K-1)

840 840

Thermal conductivity of the soil/rock

(W m-1 K-1)

0.80 0.80

Soil/rock density (kg/m3) 2,000 2,500

Initial temperature of the soil/rock

(�C)

17.7 14.0

Overview - FB1

Gravel layer

Soil

Plywood (30mm)

Concrete piles

Gap (300mm)

19.60 m10
.1

0 
m h=2.50m

Plan view - FB1

Fig. 7 Foundation block FB1-511 (m3)
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The thermal properties of concrete and correspond-

ing boundary conditions of FB1 and FB2 are summa-

rized in Table 4. In both models, the temperature at the

top of the concrete block was kept constant. Addi-

tional information about each foundation block are

presented along with the obtained results in the

following subsections.

5.1 Foundation block FB1-511 m3

The foundation block FB1-511 m3 has the outer

dimensions of 19.6 9 10.1 9 2.5 m. Details of the

formwork, gravel bed, and dimensions of FB1 are

illustrated in Fig. 7. Continuous casting of concrete

was performed for about 12 h to prevent cold joints.

Two concrete mixtures were used, namely C1 and C2,

see Table 2.

C1 and C2 compositions differ slightly in the binder

content and in the maximum dimension of the coarse

aggregate, see Table 3. The use of a composition with

aggregates of smaller dimension (C1) was due to the

densely reinforced areas located at the bottom of the

concrete block. The concrete mixture C2 was poured

in the foundation block after the reinforcement at the

bottom layer was completely covered with concrete.

After casting FB1, the exposed concrete surface of

the block was covered with a layer of water to assure

adequate curing of the mass concrete. This technique,

known as ponding or flooding, permits to reduce the

loss of moisture on concrete surface, thus preventing

cracking at early-ages. Additionally, it helps reduce

the heat transfer between the concrete and the ambient

air, leading to a slower cooling process when

combined with insulation systems [23]. The ACI

Committee 207 [1] indicates that mass concrete is best

cured with water in warm weather, which is our case.

The continuous casting was modeled as two

concrete layers with time offset of 6 h. This led to a

better temperature agreement in the upper layers of the

block. Further simplification was made by using only

C1 composition for the whole block. The details about

geometry, mesh, boundary conditions, and tempera-

ture gauges in the foundation block FB1 are depicted

in Fig. 8. Only one fourth of the block was modeled

due to symmetry conditions.

The thermal properties of the soil at the bottom of

FB1 as well as the initial temperature of soil and both

concrete layers are summarized in Table 4. In total,

3840 brick FEs with 4,641 nodes created the

geometry. The integration time step was set to 2 h

and 100 steps were executed. The computation ran for

10 min.

Figure 9a validates the temperature evolution in the

block FB1. Inner gauges FB1-2,4,6 gave practically

the same temperature evolution, which was only

slightly influenced by the boundary conditions. The

maximum temperature in gauges FB1-2,4,6 reached

65 �C at 74 h of hydration time. Figure 9b shows the

corresponding temperature field and testifies that the

soil temperature below the block increased.

5.2 Foundation block FB2-1,050 m3

The second foundation block, namely FB2, is the main

foundation block of a 42-floor building. The block has

the dimensions of 20.1 9 20.1 9 2.6 m, which equals

to 1,050 m3 of concrete. Details of FB2 are shown in

Fig. 10. Continuous casting could have been provided

by the local ready-mixed concrete plant; nonetheless,

the noise regulation of the town forbade this activity in

the evening. For this reason, the concrete casting was

divided in two working days, and retarder admixtures

had to be added to offset hydration kinetics and thus

avoid cold joints formation. The composition of the

concrete mixtures used in FB2 is listed in Table 2.

The first layer of FB2, which is 1.60 m high, was

being poured for approximately 11 h of the first

working day. In particular, this layer was divided in

two sub-layers. The first sub-layer is 1.40 m high and

is composed of C3 concrete while the second one is

0.20 m high and is composed of C4. After that, a

waiting period of 13 h was kept. During this period, the

concrete remained fresh due to a high amount of

0.
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Fig. 8 FB1-511 m3: geometry, mesh, boundary conditions, and

temperature gauges
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retarder in C4. On the next working day, the concrete

mixture C5 was poured for approximately 9 h to

complete the second layer of the block, which is 1.00

m high. Curing by ponding or flooding was the same as

with FB1.

The extended dormant period caused by the

retarding admixture was quantified in a small semi-

adiabatic calorimeter. Figure 11 shows the tempera-

ture curves for C3, C4, C5, and the corresponding

retarding effect. The temperature curves highlight that

all mixtures present similar hydration kinetics with

various initial offsets; hence, the use of the same

hydration kinetics after the offset is a reasonable

assumption. Particularly, the retarding effect in C3 and

C4 concrete was of 11 and 32 h, respectively.

Figure 12 provides details about geometry, mesh,

boundary conditions, and temperature gauges in the

foundation block FB2. Only one fourth of the block

was modeled due to symmetry conditions. The thermal

capacity of both the bedrock (bottom surface) and the

soil (lateral surfaces) had to be taken into account. The

values adopted in the simulations are listed in Table 4,
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which also shows the initial temperature of soil, rock,

and concrete layers.

Figure 13a validates the FB2 temperatures in all

gauges. The gauges FB2-1 and FB2-2 show certain

discrepancies. The most reasonable explanation is

related to the misplacement of the gauges during

concrete casting since the workers were not aware of it.

The control of curing temperature could also present

problems considering the large surface of the block.

Because none of the possible sources of error can be

proved, the results are presented as they were gathered.

The other gauges showed satisfactory agreement.

This is likely because they were not affected consid-

erably by the boundary conditions and possible

misplacements would not be noticed in the measure-

ments since the gauges are at the core of the concrete

block. The maximum temperature in gauges FB2-

3,4,5 reached 51 �C at 81 h of hydration. The

corresponding temperature field is shown in Fig. 13b.

6 Conclusions

A unique set of experimental data proved that a

calibrated affinity hydration model on a small-size

concrete cube under semi-adiabatic conditions can

be transferred to a mass concrete block with different

boundary conditions on a much larger scale. The

proposed semi-adiabatic procedure proved to be a

suitable alternative to the standard isothermal

calorimetry.
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Fig. 12 FB2-1,050 m3: geometry, mesh, boundary conditions, and temperature gauges
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Moreover, the models demonstrated that the com-

bination of a proper mathematical formulation and a

suitable affinity model for hydrating concrete is

applicable to various shapes and sizes. The upscaling

of small laboratory experiments to large-scale massive

structures provides several advantages over traditional

empirical methods, such as time-efficient simulation,

virtual testing, and selection of suitable concrete mix.

Ordinary Portland cements, blended cements, and

various admixtures are covered automatically.

Calibrating the hydration model for &40 h enabled

large-scale validation lasting for &350 h, which

shows extrapolation by almost an order of magnitude.

Upscaling of semi-adiabatic temperatures from small

hydrating concrete specimens to large concrete vol-

umes represents a highly attractive method for the

concrete industry due to its low cost, high speed, and

practicality.
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