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Abstract: Concrete’s heat of hydration can cause wide restraint cracks, delayed ettringite formation
and low strength. UK’s CIRIA C766 is commonly used to generate adiabatic temperature rise for a
concrete mix but this can lead to large errors as Australian cements can be quite different to UK'’s.
Serious errors also arise if a CIRIA 766 maximum adiabatic temperature for one mix is manipulated to
provide the temperature rise for a similar mix but the shape of the curve is ignored.

Unidimensional heat flow analysis used for walls and slabs will also give serious error for shapes where
heat flows in 2 or 3 directions. 3D modelling for such elements can be important.

In Australia’s warm climate achieving the desired low concrete placement temperature can be
problematic. Historically contractors have been reluctant to use cooling pipes because of a lack of
familiarity. However, with increasing awareness of the need to keep curing temperatures down
specifications are forcing acceptance of the use of cooling pipes and 3D modelling.

The paper compares the authors experience of adiabatic temperature using Australian cements to data
provided in CIRIA C766. Element shape, size and the shape of the adiabatic curve are discussed in
detail. A comparison of thermal modelling using 1D, 2D or 3D approaches is presented. The
effectiveness of using cooling pipes are discussed.
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1 Introduction

Heat of hydration in concrete elements can cause serious concerns such as cracking, delayed ettringite
formation and long-term durability problems. The key input parameter in the heat of hydration analysis
is adiabatic temperature of the concrete mix. In the absence of hotbox data, it is a common practice to
use the adiabatic heat generation data provided in CIRIA C766. However, in the authors experience
the adiabatic temperature of Australian cements can be quite different from the adiabatic temperature
provided in CIRIA C766. Moreover, it is often not realised that the maximum adiabatic temperature
obtained in a hotbox trial cannot used in thermal modelling by adjusting the multiplier in CIRIA 766 to
obtain similar value maximum adiabatic temperature while the shape of adiabatic temperature curve is
ignored. The shape has a significant impact on in-situ temperature rise of mass concrete elements.

The common approach used for thermal modelling is unidimensional (1D) approach i.e. considering the
least dimension of a cross-section. This is applicable for elements which have one dimension which is
significantly less than the other two, e.g., walls and slabs. However, the concrete elements with two
similar dimensions or circular elements, the heat flows in all directions. Therefore, it is important to
consider 2D or 3D modelling approach for such elements.

The other problem often encountered on site is achieving the desired concrete placement temperature.
Concrete mixes with higher binder contents give high adiabatic temperature rises. This means a lower
concrete delivered temperature will be required to meet maximum temperature limits. Very often the
premix suppliers are unable provide the concrete with a desired lower delivered temperature by pre-
cooling materials. Post-cooling techniques such as use of cooling pipes are the only choice left for the
contractor to adopt to be able to meet the temperature limits.

The paper underscores the importance of using accurate adiabatic temperature data, taking into
consideration the shape of the adiabatic temperature curve, during thermal modelling of mass concrete
structures. Furthermore, the paper compares the effectiveness of one-dimensional (1D) and
multidimensional modelling approaches in predicting temperature distributions and potential thermal
stresses.



The use of cooling pipes as an effective post-cooling technique is also discussed, especially when pre-
cooling techniques may fall short due to various operational constraints. Through the detailed case
studies of a 1.75m deep abutment footing and a T-roff end block, the paper illustrates the successful
implementation of cooling pipes, thereby validating its potential in controlling peak temperature and
temperature differentials. The paper also discusses the merits of cooling pipes in facilitating early
formwork removal, contributing to construction efficiency without compromising structural durability.

2 Adiabatic temperature

In the analysis of the heat of hydration, one of the primary factors is the adiabatic temperature of the
concrete mix. This represents the theoretical maximum temperature that the concrete could reach if no
heat were lost to the environment, assuming that the heat generated from cement hydration is perfectly
insulated. In scenarios where data from hotbox trials are unavailable, a common practice among

engineers is to refer to the adiabatic heat generation data provided in the Concrete Industry Research
and Information Association (CIRIA) report C766.

However, it is essential to note that while the CIRIA C766 guide is an invaluable resource, its
applicability can sometimes be limited due to regional variances in materials. The experience has shown
that the adiabatic temperatures of Australian cements can deviate significantly from those provided in
CIRIA C766. This disparity can be attributed to differences in cement chemistry, grinding fineness, and
use of local supplementary cementitious materials, which can all influence the hydration heat.

A few examples of adiabatic data obtained from CIRIA C766 and hotbox are provided here for concrete
mixes containing fly ash and slag as a supplementary cementitious materials.
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Figure 1. Adiabatic data obtained from hotbox vs CIRIA C766 adiabatic for different mixes.



As can be seen in Figure 1, the adiabatic temperatures from CIRIA C766 differ from the estimated
adiabatic temperatures derived from hotbox trials. This difference is more pronounced in mixes
containing slag. In Australia cements and SCM’s vary by states, supplier and over time. Hence, it is
recommended that CIRIA C766 adiabatic temperatures be used cautiously and ideally only as an initial

thermal assessment during the design stage. The final thermal modelling should always be predicated
on hotbox trials.

Furthermore, a common misunderstanding observed among practitioners is the assumption that the
maximum adiabatic temperature obtained from a hotbox trial can directly be used in thermal modelling.
While it might seem logical to adjust the multiplier in CIRIA 766 to mirror the same maximum adiabatic
temperature, this approach has its pitfalls. Primarily, it disregards the shape of the adiabatic temperature
curve, an essential characteristic that provides information about the rate of heat generation and its
duration.

The shape of the adiabatic temperature curve is highly influenced by the cement composition, concrete
mix proportions, addition of retarders etc. An inappropriate representation of the curve can lead to
inaccurate estimation of peak temperature, time to peak temperature, and the overall heat dissipation
rate, all of which are critical factors that govern the in-situ temperature rise and subsequent thermal
cracking risk in mass concrete elements.

An example is provided in Figure 2, comparing the hotbox data and CIRIA C766 adiabatic temperature.
The thermal modelling was performed on a pile with a diameter of 1800 mm by considering both curves.
The predicted peak temperature and temperature differentials are illustrated in Figure 3. A discrepancy
of 13°C was found in the predicted peak temperatures from both curves, despite the final maximum
adiabatic temperature being the same for both.
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Figure 2. Adjusted CIRIA C766 adiabatic to match hotbox estimated adiabatic.
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Figure 3. Predicted peak temperature and temperature differentials.



Therefore, it is essential to use accurate and representative adiabatic temperature data and to consider
the shape of the adiabatic temperature curve when performing thermal modelling of mass concrete
structures.

3 Thermal modelling approaches

A common approach for thermal modelling adopted in the industry is the unidimensional, or 1D,
modelling approach. This method considers the smallest dimension of a cross-section and is
predominantly applicable for concrete elements where one dimension is significantly smaller than the
other two. Typical examples of these elements include walls and slabs, where the thickness is
substantially less than the length and height, thereby allowing the approximation of heat flow as a one-
directional phenomenon.

The 1D approach simplifies the heat transfer problem by reducing it to a single dimension, and it
assumes that temperature variations occur predominantly along this dimension. Heat transfer in the
other dimensions is either ignored or assumed to be negligible. As such, 1D modelling can provide a
reasonable approximation for elements with large aspect ratios and can be undertaken in a simple
spreadsheet. However, it's essential to note that the accuracy of this method hinges on the validity of
these assumptions, which may not hold true for all types of concrete elements.

In elements with two similar dimensions or circular components, heat does not simply flow in a single
direction; rather, it disperses in multiple directions. This complex, multidirectional heat flow is a
characteristic feature of structures like columns, large footings, or circular tanks, where the length and
breadth, or diameter, are similar. In these scenarios, a unidimensional approach can significantly
deviate from reality, leading to an inaccurate estimation of temperature distributions and potential
thermal stresses.

To demonstrate it further, three different cases are considered for thermal modelling as shown in Figure
4.

Case 1- Wall or slab: A 1500 mm thick wall is considered in this case. The heat flow pattern in a
wall or slab is similar to what is assumed in CIRIA C766 spreadsheet which is unidirectional heat flow.
However, the heat will still flow in other directions and the results are expected to be slightly different
from CIRIA C766 spreadsheet.

Case 2- Square section: In this case, a 1500 mm x 1500 mm square section is modelled to assess
the peak temperature and temperature differentials in an element where heat is transferred biaxially.

Case 3: Circular section: In this case, a 1500 mm circular section is modelled to assess the peak
temperature and temperature differentials in a circular element where heat is transferred
circumferentially.
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Figure 4: 1500 mm thick wall, square and circular section



All the parameters for thermal modelling such as adiabatic temperature rise, ambient temperatures,
formwork/insulation, and concrete placement temperatures were kept constant in all the cases. The
thermal modelling results are presented Figure 5 and Table 1.

Table 1: Comparison of CIRIA C766 spreadsheet and FEM results

Concrete Predicted Predicted

Case placing peak temperature

temperature | temperature differential
(°C) (°C) (°C)
1D modelling (CIRIA spreadsheet) 28 77 29
1D modelling (FEM) 28 75 27
3D modelling (rectangular) 28 70 24
3D modelling (circular) 28 68 24

It is clear that CIRIA C766 spreadsheet results are consistent and valid in case of 1D modelling where
one dimension is significanlly less than other two dimensions. However, in case of elements where heat
is transferrred biaxially (square section) and circumferentially (circular section), if CIRIA C766 is applied
due to inexperience, it overestimates the predicted peak temperatures. In non-critical locations factors
can be applied to the 1D analysis to give approxiate temperatures but in critical analysis more accurate
models such as FEM 2D and 3D analysis should be used to predict peak temperature and temperature
differentials.

Therefore, it becomes crucial to adopt a multidimensional approach - either two-dimensional (2D) or
three-dimensional (3D) - for such concrete elements. These modelling methods capture the true
essence of heat flow in these structures by considering temperature variations along multiple axes. 2D
modelling accounts for heat transfer in two orthogonal directions, typically along the length and breadth
of an element. For even more complex structures, a 3D approach can be utilized, incorporating heat
transfer along the length, breadth, and depth.

4 Use of cooling pipes

The task of achieving an optimal concrete placement temperature is a challenge in construction,
particularly when dealing with concrete mixes that have a high binder content, resulting in a high
adiabatic temperature. The warmth of Australia's climate makes this challenge even more complex.

In such instances, pre-cooling techniques such as chilling the aggregates, using cooled mixing water
or incorporating ice are often employed. These techniques attempt to lower the initial temperature of
the concrete mixture, thereby mitigating the subsequent rise in temperature due to heat of hydration.
However, the practical implementation of these pre-cooling methods presents its challenges,
particularly when dealing with larger volumes of concrete. Very often, premix suppliers face significant
difficulties in providing concrete at a sufficiently low delivered temperature using these techniques,
owing to constraints related to equipment capacities, logistics, and the inherent nature of the hydration
process. On smaller pours early morning supply may enable low enough temperatures but as the day
progresses the materials, and hence concrete temperatures increase.

This is where post-cooling techniques, such as the use of cooling pipes, can provide a viable, low cost
and effective solution. Cooling pipes are embedded in the concrete structure and as concrete hydrates
and generates heat, the cooling water absorbs this heat and is circulated out of the structure, thereby
maintaining the concrete at a controlled temperature.

Historically, contractors have shown a degree of reluctance towards the adoption of cooling pipes
largely due to a lack of familiarity with the technology. However, in recent times, specifications for
concrete construction have increasingly accepted the use of cooling pipes as an integral element of
their temperature management strategy. This shift in approach has been instrumental in driving the
acceptance and adoption of this technology across the industry. With cooling pipes, contractors are
better equipped to control the temperature of the curing process.



Abutment footing: To demonstrate the effectiveness of cooling pipes, a real-life example is
presented here. A 1.75m deep abutment footing as shown in Figure 5 was cast using S40 concrete mix
containing a total binder content of 420 kg/m* comprising of 35% GP cement and 65% Slag. For in-situ
temperature monitoring, thermocouples were installed 50mm below top surface and mid-depth
concrete. All thermocouples were located at least 3m from edges. The ambient temperature was also
measured at the same time. All temperatures were recorded at 15-minutes interval. The top surface
was covered by 18mm plywood for 17 days.
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Figure 5: 1750 mm thick abutment footing

The initial thermal modelling performed by the contractor was based on CIRIA C766 adiabatic
temperature equivalent, similar to presented in Figure 2, which predicted a peak temperature of less
than 70°C. However, the recorded in-situ temperature within the abutment reached a peak of 85°C, as

shown in Figure 6, which significantly exceeded the project's specified allowable peak temperature limit,
of 70°C.
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Figure 6: Recorded and inappropriate C766 predicted in-situ temperatures for the abutment
footing

The thermal modelling when performed based on actual hotbox data, predicted that a concrete
placement of as low as 15°C was required to achieve the allowable temperature limit of 70°C. Given
the ambient temperatures of summer, achieving a lower concrete placement temperature posed a
significant challenge. The pre-cooling techniques typically employed were ineffective in reducing the
concrete placement temperature to the desired 15°C. Consequently, an alternative solution was needed
to keep both the peak temperature and temperature differential within the allowable limits. The chosen
solution was the design and implementation of a cooling pipe system.

The cooling pipe design was optimised by 3D analysis. The implementation was meticulously planned
and executed. Plastic reticulation pipe diameter was 32 mm. The intention behind the system was to
initiate water cooling at the 8-hour mark and continue until 48 hours. This timeframe corresponded with
the peak temperature recorded within the previously cast abutment footing. The water flow rate was



calculated to ensure the difference between the inlet water temperature and outlet water temperature
did not exceed 4 - 5°C. The inlet water temperature was projected to be around 20-25°C.

The thermal modelling indicated that to ensure the effective reduction of the temperature, three layers
of cooling pipes would be required. Each layer was designed with separate inlet and outlet points for
optimal cooling. The maximum concrete delivered temperature was modelled as 27°C. The
arrangement of cooling pipes is shown in Figure 7.
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Figure 7: Cooling pipe design of abutment footing

Figure 8 shows the location of concrete probes and in-situ measured temperatures. Both the peak
temperature and temperature differential within the abutment footing remained within the project's
allowable limits of 70°C and 20°C respectively. These results provide compelling evidence for the
effectiveness of the cooling pipe system in mitigating excessively high temperatures during the casting
process.
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Figure 8: In-situ temperature record of abutment footing with installed cooling pipes

In addition to lowering the peak temperatures, the utilization of cooling pipes also provides a significant
advantage in terms of early formwork removal, an aspect that contributes to construction efficiency.
This technique has seen successful implementation in T-roff end sections, where it was intended to
facilitate the removal of formwork as early as two days post casting. Cooling pipes can also be used as
an alternative to low heat cements in remote locations where the concrete plant may only have one
cement type. Moreover, the use of cooling pipes using untreated water is also environmentally and
energy efficient compared to use of treated chilled water for concrete mixing and aggregate cooling,
and far more energy efficient than using ice.

T-roff end block: Steam curing of T-roffs is employed to achieve a high early strength to facilitate the
formwork removal. Steam curing induces higher concrete temperatures within the cover zone,
effectively mitigating the risk of exceeding allowable temperature differential limits during the curing
stage. However, while this method promotes concrete strength gain within the cover zone, it
concurrently elevates the peak temperature within the core of the concrete element. The early removal



of formwork can potentially induce thermal shock to the end block, potentially triggering thermal
cracking. Such cracks could escalate into serious durability issues, posing a challenge to the structure's
longevity and performance.

Incorporating cooling pipes within the end block significantly mitigates these risks. This strategy reduces
the peak temperature and helps maintain the temperature differential within permissible boundaries,
even after the formwork has been removed. This, in turn, minimises the potential for thermal shock and
subsequent cracking, thereby safeguarding the structural integrity and enhancing the durability of the
concrete element. Figure 9 illustrates an example of T-roff with ambient curing, steam curing, and steam
curing including cooling pipes. This figure demonstrates that the inclusion of cooling tubes within the
end block allowed for the removal of the formwork at the 24-hour mark, while still maintaining the
temperature differential limit. This was not achievable using either ambient or steam curing alone.
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Figure 9: Temperature at different locations of the end block in a T-roff under different curing
regimes

The predicted temperatures also enable a prediction of strength development using maturity concepts.
The Contractor can then fully plan the stripping times, but actual stripping is based on maturity from
temperature data from monitoring for thermal limit compliance.

5 Conclusions

The use of accurately measured adiabatic temperature data is essential when conducting thermal
modelling for concrete structures. Relying solely on standard data from guides such as CIRIA C766
could lead to inaccuracies due to regional variations in material properties. Thus, regular hotbox trials
are recommended for accurate adiabatic temperature measurements.

It is evident that the 1D modelling approach provides a simpler and more computationally efficient
method for evaluating thermal behaviour in certain types of concrete structures, the limitations of this
method must be recognized. For elements that do not strictly adhere to the requirements of 1D
modelling, adopting a 2D or 3D modelling approach becomes necessary to ensure a more accurate
and comprehensive understanding of the thermal behaviour of these concrete elements. As the
complexity of the structures increases, the importance of accurately capturing the nuances of
multidimensional heat flow becomes even more pronounced.

The use of post-cooling techniques such as cooling pipes, particularly in situations where pre-cooling
methods fall short, presents a practical and effective solution to the challenge of temperature control in
concrete placement. By offering targeted, controllable, and prolonged cooling, these techniques
enhance the quality and durability of the resulting structures, ultimately contributing to safer and more
resilient infrastructure.

6 References

Bamforth P.B. (2018), “Control of cracking by restrained deformation in concrete”. CIRIA C766.



