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Abstract
Minimising the risk of early age thermal cracking is a major challenge faced by the concrete industry
when dealing with mass concrete, large restrained concrete elements, and concrete with high cement
content. With this in mind, several numerical simulation models and guidelines have been developed to
predict the temperature rise in concrete and to provide guidelines on design of reinforcements to limit the
width of resulting cracks. However, such models have a number of key limitations which include inability
to consider the effect of admixtures, providing 2D rather than 3D representation of the element, and
inability to investigate different risk minimisation scenarios including placement of concrete in multiple
layers, mix optimisation and embedment of cooling pipes. Among these, the latter is of particular
importance as it considerably limits the ability of concrete specialists in dealing with high risk scenarios. In
this paper, the working principles and features of a novel multi-physics numerical simulation model
developed to address the above limitations is presented. The proposed model is then applied to three
different real-life case studies to demonstrate its application in evaluating the effectiveness of sequential
concrete placement and internal cooling strategies on minimising the risk of early age thermal cracking in
the presented case studies.

Keywords: 3D numerical modelling, early age thermal cracking, sequential concrete placement, internal
cooling system

1. Introduction

Early age thermal cracking due to hydration induced internal heating of concrete and subsequent cooling
is one of the major issues affecting the structural performance and serviceability of concrete elements
[1]. Numerical modelling of heat transfer in concrete by considering cement hydration as the heat source
is commonly used to estimate the development of temperature and temperature gradient and
consequently the risk of early age thermal cracking of concrete. Accordingly, several numerical
simulation models have been proposed by previous studies to estimate the risk of early age thermal
cracking of concrete [1-5]. However, the existing models have a number of important limitations
including i) thel-D and 2-D nature of the analysis which limits the applicability of the model solely to
cases that can be simplified to 1-D and 2-D; ii) the limited number of pre-defined geometries and the
inability to add new customized element geometries; iii) inability to account for the effect of reinforcement
on heat transfer; and iv) inability to accept direct calorimetry measurements as heat source which limits
the precision of the model to the precision of the hydration heat estimates [1-5]. However, regardless of
the modelling errors introduced by these limitations, the results of numerical simulation can be beneficial
to evaluate the comparative risk of early age cracking associated with different concrete mixes. This
provides a basis for optimizing the concrete mix design as an effective strategy to reduce the risk of early
age thermal cracking of concrete [6].

However, when exposed to high risk of early age thermal cracking, concrete mix optimization alone may
result in inadequate decrease in the risk level; and the use of supplementary strategies including
sequential placement of concrete or internal cooling of concrete through embedded cooling pipes are
commonly considered [7,8]. “Alternate bay” or “sequential” placement of concrete involves placing the
concrete in multiple layers, with one or more days of delay between placement of each layer; and is a
common strategy to reduce the risk of early age thermal cracking in massive concrete elements [9,10]
Internal cooling, on the other hand, relies on pumping chilled water or air through a network of pipes
embedded in concrete to absorb the heat of hydration of the materials and reduce the temperature rise in
concrete [7,11] . However, sequential placement and internal cooling strategies are costly and usually
introduce delays in completion of the concrete placement task; and therefore, are considered commonly
to be the last resort. The costs and delays associated with sequential placement strategy is controlled
directly by the duration of delay between casting of different layers and the number of layers, which is
determined by chosen thickness for the layers. Identifying the required delay between placement of
different layers and the thickness of each layer is a complex decision, affecting directly both the
effectiveness of the strategy and its associated costs; and therefore, availability of decision support data
to assist this decision is critical. Similarly, cost of internal cooling strategy and its effectiveness are
controlled directly by the selected length and spacing of pipes in concrete; which should be optimized to
minimize the costs while maximizing the effectives of the strategy. However, there is currently a lack of



reliable model to evaluate the effectiveness of selected implementation plan for sequential placement
and internal cooling strategies at the planning stage, commonly leading to conservative planning and
additional unnecessary costs.

This paper presents a comprehensive three-dimensional numerical simulation model aimed at estimating
the risk of early age thermal cracking of concrete and the effectiveness of sequential placement and
internal cooling strategies in reducing the risk. The proposed model addresses the limitation of the
existing methods by allowing for a high level of customization in terms of geometry, materials properties,
and inclusion of reinforcement. The proposed model is applied to three case studies to highlights its
application in evaluating the effectiveness and optimizing sequential placement and internal cooling
strategies.

2. Numerical simulation model

The proposed Multiphysics numerical simulation model performs heat transfer, solid mechanics, and
coupled heat transfer-solid mechanic analyses by relying on relevant modules developed in COMSOL
Multiphysics. Moreover, to integrate the time-dependent variable during the calculations, the model is
coupled with time-dependent Ordinary Differential Equation (ODES) interface.

To analyse the heat transfer in hardening concrete, defining the heat source and thermal boundaries is
needed. The heat generation due to hydration of cement can lead to heat transfer inside and outside the
concrete element [12-14]. The proposed model is designed to provide two alternative approaches for
estimating the variations in the heat input to the model. These include i) estimating the heat generation
using the Arrhenius equation [15], and ii) the direct use of isothermal calorimetry measurements for a
particular mix. The second approach is recommended when using concrete mixes containing
supplementary cementitious materials (SCMs) or retarders due to significant errors in prediction of heat
generation using existing hydration heat models [16]. Given the time-consuming nature of calorimetry
measurements, the proposed model is designed to accept calorimetry measurements in 5 or 10 °C
interval, while using an interpolation function, Equation 1, to identify the hydration heat at other
temperatures.

H(t) = TTZ__TTll (H; —Hy) + Hy Equation 1

where T, is the concrete temperature at each point of the element at each time step, T, and T, are curing
temperatures of the first and second calorimetry experiments, respectively and H;and H, are the heat of
hydrations measured through two different calorimetry tests for each time step. Thermal properties of
hardening concrete including Thermal conductivity, specific heat and coefficient of thermal expansion of
concrete, which are calculated over time as functions of degree of hydration, are estimated using
Equations 2 to 4, respectively [17-21].

ke(a) = ky X (1.33 = 0.33a) Equation 2

Where k¢ is the thermal conductivity of the hardening concrete, a is the degree of hydration, and k,; is
the ultimate thermal conductivity of the hardened concrete.

Ce(a) = Cype X (1.25 — 0.25) Equation 3
Where C. is the specific heat of hardening concrete, a is the degree of, and C,, is the ultimate specific

heat of hardened concrete.
CTE, = CTEcaVca+CTEg, Vi +CTERVp

Vcat+Via+V
Where CTE., CTE.,, C"T‘Efa, and CTE, are the coefficient of thermal expansion of concrete mix, coarse
aggregates, fine aggregates, and cement paste, respectively and V.,, Vg, and V, are the volume of
coarse aggregates, fine aggregates, and cement paste. Degree of hydration is the ratio of heat released
to total heat available as below [21].

a®) = Z:—T(t) Equation 5

Equation 4

where a(t) is the degree of hydration at time t, £H(t) is the cumulative heat of hydration released at time t
(J/m3) and Hr is the ultimate heat of hydration of concrete. Furthermore, in this study, Equation 6 is
employed to simulate the convection coefficient due to forced and free convections [22].

1

0.181
h = Cx0.2782 X [7] X | Ty — T,]%26¢ X V1 + 2.8566 X w Equation 6
Tavg+17.8

where T,,, is the average air film temperature; C is a heat flow constant which is equal to 10.15, 15.89,
and 20.4 for bottom, vertical, and top surfaces, respectively; and w is the wind speed. Equation 6 is for
relatively smooth surfaces. In order to consider the surface roughness, the convection coefficient h
should be multiplied by a roughness multiplier Rs. Also, the solar radiation is considered using a linear
relationship between cloud cover and solar radiation as shown in Equation 7.

EH = (0.91- (0.7 x C)) x ETOA 1

where EH is the surface horizontal solar radiation; C is the cloud cover fraction; and ETOA is the
extraterrestrial horizontal solar radiation [23].



Solid mechanics model is employed to predict the thermal stresses developed in concrete and therefore
the early age thermal cracking potential of concrete elements. De Schutter [24] states that compressive
stresses, in hardening concrete, are usually much smaller than compressive strength; and therefore a
linear relationship will be accurate enough for use at early ages. To estimate the stress development and
cracking potential in concrete, a reliable estimate of development of compressive strength, tensile
strength, Young’s modulus, and Poisson’s ratio at early ages is required. The proposed numerical model
relies on previously verified time dependent empirical models, presented in Equations 8-12, to estimate
the development of these properties over time [25-27]. The development of compressive strength is
calculated using Equation 8.
Ts

Bs
fe(te) = feure X exp (_ (t_) ) Equation 8

Where f,. and f,;, are the compressive strength and the ultimate compressive strength of concrete; t; and
Bs are fitting parameters considered which are considered to be 27.8 (hour) and 0.721, respectively, and
te is the equivalent age maturity [27]. The tensile strength is calculated using the following equation.
fo=1x(f)™ Equation 9
Where f; is the tensile strength development and 1 and m are fitting parameters, which are considered to
be 0.3 and 0.66, respectively [28].

E =k x (f)" Equation 10
Where E is the elastic modulus development (MPa), f. is the compressive strength development (MPa),
and n and k are fitting parameters, which are considered to be equal to 0.5, and k is calculated using
Equation 11.

k = 0.043 x w5 Equation 11
where w. is the density of fresh concrete.
v(a) = 0.18 X sin (nzﬁ) + 0.5 X exp(—10) Equation 12

where v is the Poisson’s ratio.
In the bottom boundary, where the concrete mass is in contact with the foundation, high degree of
resistant in both normal and shear directions are present. Therefore, the bottom boundary condition is
defined as a spring foundation and the spring constant is determined by considering the rigidity of
foundation using Equation 13.

GT O 0
k= [ 0 GT 0 l Equation 13
0 0 21e°
where, k is the sprig constant per unit area, GT is the modulus of rigidity of hardening concrete and 2.1e1°
is the modulus of rigidity for hardened.
To numerically simulate the thermal expansion in concrete and the resulting thermal stresses, the heat
transfer and solid mechanics models are coupled, so that the temperature and displacement fields will be
analysed simultaneously. The thermal expansion of concrete is calculated using the following equation:
&n = CTE, X AT Equation 14
where, g, is the thermal strain, AT is the change of temperature, and CTE, is the coefficient of thermal
expansion of hardening concrete.

2.1. Simulation of Sequential Concrete Placement Strategy

This section highlights only the major modifications in the above model to allow analysis of sequential
placement strategy. The heat source is defined as a separate function for each layer and is defined as a
function of concrete placement time for each layer rather than the overall time of the analysis. Therefore,
the hydration heat generation of each layer starts after its placement time. To achieve this, the equivalent
age of each layer which is used in the Arrhenius equation for estimating the heat of hydration is defined
by Equation 15.

te(T,) = 8 exp(g(”;”r — 2731+TC)).At Equation 15
where n is the time of the placement of the nt layer. Similarly, the top boundary condition of each layer is
defined as a function of time so that after placement of top layer the type of boundary condition changes
from convention to conduction. Similar to the base model, the spring foundation boundary condition for
the bottom surface of the first layer, which seats on the foundation or ground, is defined based on
Equation 13. Whereas, for the subsequent layers, the bottom surface of the layer seats on the hardening
concrete of the previous layer and therefore its spring constant is calculated by:

GT 0 0
k=|0 GT 0 Equation 16
0 0 GT (previous layer)

2.2. Numerical modelling of internal water cooling
The proposed model allows for selecting the type of pipe material along with the rate of water flow, which
is introduced as a laminar flow. The Navier-Stokes equation is defined as below for laminar flows.



{p (‘;—1‘ +u. Vu) =—Vp+V.(u (Vu + (7)) = 2 (. u)l) +F

pV.u=0
where u is the fluid velocity, p is the fluid pressure, p is the fluid density, p is the fluid dynamic viscosity
and F is the external forces applied to the fluid [29]. After defining the geometry and location of the pipes
in the structure, the water temperature is provided as an input to the model. It is assumed that the heat
transfer happens through conduction between the liquid flow, the pipe, and the concrete surrounding the
pipe. The concrete element is generating heat due to hydration. The heat in the water is assumed as
below [30]:

PwCw (a% + u. VTW) =k, V?T, Equation 18
where T, is the temperature of water in the pipe, p,, ¢, and k, are the density, specific heat and
conductivity of water, respectively.

Equation 17

3. Case study

In order to evaluate the performance of the proposed numerical model, three different cases are studied.
Case study 1 is a 13.07(L) x 2.1(H) x 1.2(T) (m) concrete wall built in one of Boral Ltd. Quarries in
Queensland, Australia which is used for validating the numerically predicted temperature. Case study 2
is a dam foundation in Queensland, Australia with the dimensions of 14.9(L) x 18.5(W) x 1(T) (m) that is
used to demonstrate the simulation of sequential concrete placement. Case study 3 is a real-world
concrete pile with the dimensions of 2.4 (D)x15(H) (m) which is to demonstrate the effect of embedded
cooling pipes on risk of early age thermal cracking. The mix design of concrete used for different is
presented in Table 1.

Table 1 Mix design of concrete used in different case studies

Material Case 1 (Kg/m”3) Case 2 (Kg/m”3), Case 3 (Kg/m”3),
Portland Cement 260 200 290
Fly Ash - 90 120
Slag 173 - 140
Water 199 188.5 170
W/CM 0.46 0.65 0.31
Coarse Aggregate 1329 1022 980
Fine Aggregate 401 830 700

In order to verify the results of our proposed numerical model using case 1, in-situ measurement of
temperature at 15 points (Figure 1) were carried using SmartRock2 wireless temperature sensors. The
concrete wall was modelled numerically using the proposed numerical model and the temperature,
thermal stresses and resulting cracking ratios were numerically obtained. Crack ratio is defined as the
ratio of developed tensile stress to tensile strength in the early age concrete mass [27,31]. In particular,
the temperature predictions at the coordinates corresponding to the exact location of embedded
temperature sensors were used to validate the model. Case 2 is numerically modelled to investigate the
effectiveness of sequential placement strategy in reducing the risk of early age thermal cracking of
concrete. In particular, this case study aims at assisting the designers in selecting the best time interval
for sequential concreting. The thickness of each layer is prescribed to be one meter based other
construction requirements. The initial concrete temperature is 20°C, and the numerical model is run for
three scenarios, assuming 1, 2 and 3 days delay between placing different layers, respectively. To
investigate the influence of the embedded water pipes on the maximum temperature, water piping system
is modelled in the concrete pile (case 3). As shown in Figure 2, two water pipes with the inner and outer
diameters of 0.03m and 0.035m were modelled inside the pile, which has a diameter of 2.4m. The heat
capacity and the thermal conductivity of the material considered for pipes are 420 [J/(kg*K)] and 50
[W/(m*K)], respectively. The placement temperature of concrete and water temperature are considered
as 32 °C and 20 °C, respectively. The same pile was also modelled without the piping system in order to
compare the results.
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4, Results and discussion
4.1. Case 1

Table 2 compares the measured and predicted maximum peak temperatures at all the points highlighted
in Figure 1. Furthermore, Figures 3 and 4 show the variations in the temperature with time at two
representative points inside the concrete element. As can be seen, the results confirm the acceptable
precision of the numerical simulation model in predicting the temperature profile, which is a direct
indicator for risk of early age thermal cracking of concrete. Therefore, the results suggest the reliability of
the proposed model for numerical comparison of the relative risk of cracking associated with different
mixes and different construction scenarios. Figures 6 and 7 illustrate the thermal stresses development
in four selected points shown in Figure 5. Moreover, Figure 8 shows the crack ratio at the selected
points. As can be seen, the crack ratio is the highest at Point D which is a corner point and the least
crack ratio occurs in the middle point of the element.

Table 2. Case 1 - numerically predicted temepratures versus actual temperature measurements

Max. Max. Max. Max.
. measured Predicted Error Point measured Predicted Error
oint | temperature | Temperature (%) temperature | Temperature (%)
(DegC) (DegC) (DegC) (DegC)
Ul 77.5 70.34 9.24% | L3 77.9 82.86 6.37%
L1 79.5 82.5 3.77% | U4 68.1 70.74 3.88%
U2 70.4 70.67 0.38% | C4 80.5 82.79 2.84%
C2 77.2 82.7 7.12% | L4 78.3 82.89 5.86%
L2 76.7 82.9 8.08% | U5 67.7 70.76 4.52%
U3 71.3 70.81 0.69% | L5 77.7 82.76 6.51%
C3 81 82.86 2.30%
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4.2. Case 2

The heat development over time for a representative scenario (3 days delay between placement of
different layers) at is shown in Figures 9 to 11, to illustrate the variations in the 3D destruction of
temperature in the element over time. The predicted temperatures at 1 surface point as well as 15 points
in the middle of different layers are shown in Figures 12 to 14. As can be seen, the temperature of point 1
at the end of the analysis is 29.0, 27.2 and 26.3 °C for the casting intervals of 1, 2 and 3 days,
respectively. Furthermore, the slope of the cooling section of the curves for this point, which shows the
rate of cooling, is -0.008, -0.013 and -0.017 for scenarios 1 to 3, respectively. This increase in the slope of



the cooling section is because an increase in placement intervals increases the duration of exposure of
each first layer, thereby increasing the convection dominated cooling period.
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As shown, when placing the concrete every day, the middle layers seem to have little cooling opportunity
and a distinct cooling phase is not apparent in the temperature profile. However, when the new layer is
placed every 3 days, each layer could initiate the cooling phase. This in turn reduces the cumulative heat
transmitted to the upper layers and consequently the maximum temperature. Therefore, as illustrated in
Figure 15, the maximum temperatures within the concrete section is found to be 44.2, 42.4 and 39.0 °C
for the concrete placement intervals of 1, 2 and 3 days, respectively. This indicates approximately 12%
reduction in the maximum temperature of the foundation when increasing the sequential concrete
placement interval from 1 to 3 days.
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Furthermore, the results show that the maximum temperature gradient between the middle point and the
surface point of the foundation for three different concrete placement scenarios is respecitvely 3.3, 2.9

and 2.5 (%) for sequential concrete placement intervals of 1, 2 and 3 days. This indicates up to 25%
decrease in the maximum temperature gradient, which is directly correlated to risk of early age thermal
cracking, when the delay between placing different concrete layers increases from 1 day to 3 days.

Similarly, the results indicate considerable decrease in the maximum crack ratio from 6.35 to 2.9 and 2.5
with an increase in delay between placement of different layers from 1 to 2 and 3 days, respectively.



Accordingly, the cracking risk is found to decrease by about 60% when increasing the concrete
placement interval from 1 to 3 days.
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4.3.Case 3

Temperature development within the concrete pile with embedded water piping system is shown in
Figures 16 to 18 at different time steps during the analysis. As can be seen water pipes prevent the
extreme temperature rise within the concrete pile. The effect of internal cooling on the maximum
temperature of the middle point of the pile is presented in Figure 19. As can be seen, the use of internal
cooling pipes results in a significant reduction in the maximum temperature of the pile from 103.9 °C to
79.4 °C. Moreover, the maximum temperature gradient was reduced about 30% when using the cooling
pipes which led to about 20% reduction in the maximum cracking ratio of the pile. This highlights internal
cooling using embedded water pipes water piping system is an effective way to reduce the maximum
temperature of the casted concrete element.
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Pile without embedded
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Figure 19 The effect of using embedded water pipes on maximum temperature in the pile

5. Conclusion

A comprehensive 3D numerical simulation model to predict the risk of early age thermal cracking of
concrete was presented. The results of three case studies were used to demonstrate the precision of
proposed 3-D numerical simulation model and its applications in i) predicting the temperature rise and risk
of early age thermal cracking in concrete and ii) evaluating the efficiency of sequential concrete
placement and internal cooling (using embedded pipes) strategies in mitigating the risk of early age
thermal cracking. As demonstrated by case studies, the results of numerical simulation can provide
concrete specialists and designers with unique decision support data to select an effective risk mitigation
strategy to deal with concrete elements subject to high risk of early age thermal cracking. Furthermore, as



demonstrated by the results, through comparing the outcome of different scenarios, the proposed
numerical makes available a unique tool to optimise key planning variables in the selected strategy, e.g.
the optimal time interval between placing different layers in the sequential placement strategy.
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