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Abstract

Performance-based concrete design can accelerate the acceptance of emerging lower carbon concretes to reduce
the environmental impact. A semi-adiabatic symmetric concrete prism experimental and analytical approach is
proposed as a pathway for concrete thermal characterisation. The prism design promotes 1-D heat flow conditions
using a single insulated specimen. The prism dimensions (700 mm x100 mm %100 mm) are rationalised to suit
usage as a characterisation specimen and mix compositions that replicate those of in-situ concretes can be
assessed. The experimental spatial and temporal thermal profiles of a CEM I mix and a high GGBS replacement
mix were measured during hydration and through a step change in temperature in the hardened state.
Thermocouples and a distributed fibre optic sensor along the central axis of the symmetric prism were used for
this purpose. Multi-physics modelling provided a platform to address thermal measurement data uncertainty,
extract fundamental concrete thermal parameters and gain insight into the heat generation and heat flow physics
in the concrete prism specimens. The complete heat generation and maturity time histories were accurately

modelled and ‘concrete thermal footprints’ derived.
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1. Introduction

Performance-based concrete frameworks present a pathway for adoption of concrete compositions that offer lower
embodied carbon (Beushausen et al., 2019). However a challenge with performance metrics is that they must not
only be indicative of fundamental concrete behaviour but also cost-effective, simple and repeatable such that

compliance can be readily determined.

The current work offers a new performance-based approach to ascertain concrete thermal properties during setting
and after hardening. In the fresh state, the cementitious binder is mixed with water and exothermic reactions are
associated with internal chemical hydration. The heat generation depends on the binder compositions and, for
example, the heat evolution in a mix with a high proportion of ground granulated blast furnace slag (GGBS) will
differ from that of a mix solely with CEM I Portland cement (Moon et al., 2018, Neville, 1981). Early age
temperature development is of particular interest because it is linked to maturity, or degree of hydration, and the
strength of the concrete section (De Shutter, 2004, Carino and Lew, 2001). The maturity method characterises the
concrete maturity based on the cumulative heat generated after casting, thus allowing the completeness of the
hydration reactions to be estimated. In maturity methods, an Arrhenius approach is used to relate the reaction rate,
curing temperature and apparent activation energy, E,. However, E, appears to depend on the degree of hydration
and binder composition (D’Aloiaa and Chanvillard, 2002, Poole et al, 2007). The degree of hydration has also
been linked to early age mechanical strength, stiffness and deformation properties (De Schutter and Taerwe,1996).
Kinetic hydration models e.g. De Schutter and Taerwe,1995b and simplified heat rate curves for different binder

compositions have been proposed (Ballim and Graham, 2009).

Carefully controlled experimental calibration is commonly used to calculate input parameters to model heat
generation in concrete during setting (Wadso, 2003). Approaches such as isothermal conduction calorimetry
(ASTM C1702-17, 2017) or adiabatic calorimetry (Gibbon et al., 1997, Klemczak and Batog, 2016) lead to the
measurement of hydration parameters but require specialist equipment and have sample size limitations. Semi-
adiabatic approaches, where surrounding insulation provides a thermal barrier (e.g. which RILEM TC 119-TCE,
1997 define as having maximum heat losses less than 100J/h.K), balance defined boundary conditions, relative
simplicity and a propensity for use on site. A greater flexibility in the size of element also facilities testing of
actual concrete compositions. However, a less tightly controlled thermal environment introduces greater
redundancy and complexity to back-calculate fundamental parameters so finite element or analytical modelling is

typically used for interpretation. Isothermal calorimetry and finite element modelling have been previously



combined to predict temperatures generated in semi-adiabatic concrete block samples (Tang et al., 2015, Chen et
al., 2021). Knowledge of hydration temperatures are important in design to prevent early thermal cracking and

for early strength prediction to programme construction operations such as formwork striking and post-tensioning.

In the hardened state, the thermal properties of concrete dictate the concrete thermal mass, response to diurnal
temperature variations and thermal insulation (Shafigh et al., 2018). Concrete thermal conductivity is typically
measured experimentally using steady state or transient approaches (Asadi et al, 2018, Bentz et al, 2007).
Experimental findings (Kim et al, 2003) and meso-scale modelling (Jin et al, 2018) suggest that the thermal
conductivity strongly depends on the aggregate volume fraction. Conductivity can also be inferred from thermal

diffusivity, specific heat and density (USCoE 1973a, USCoE 1973b).

O’Donnell (1996) and O’Donnell and O’Brien (2003) proposed a semi-adiabatic concrete prism approach to
determine not only the rate of heat generation but also the time-dependent thermal properties of concrete. The
combination of internal thermocouple temperature measurement and insulated boundary conditions enabled
approximations of uni-axial heat flow, allowing for out-of-axis heat losses. Their experimental samples included
two short prisms kept at room temperature, one short prism exposed to a fluctuating temperature during
setting/curing and a long prism kept at 40°C during setting/curing and subsequently placed in an oven (see Figure
1(a)). Building on the work of O’Donnell and O’Brien (2003), Gibbs (2006) proposed a single symmetrical long

prism (see Figure 1(b)) to ascertain the heat generation and heat flow constants for a defined apparent activation

energy.
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Figure 1. Experimental prism specimens (a) three short prisms and one long prism [after O ’Donnell and O Brien,

2003] and (b) symmetrical long prism [after Gibbs, 2006]

One issue with semi-adiabatic concrete prisms is that the derivation of the fundamental constants relies on

experimentally derived spatial second derivatives of temperature. To address this, O’Donnell and O’Brien (2003)



and Gibbs (2006) used relatively small thermocouple spacings to facilitate a more accurate determination of
concrete thermal coefficients. The emergence of distributed fibre optic sensors (FOS) to measure internal
temperature offers a tool to further probe the theoretical underpinning for prism characterisation tests. FOSs have
been used extensively for strain measurement (e.g., Merzbacher et al., 1996) but application for concrete
temperature measurement is more limited (Maier et al., 2023, Wood et al., 2014). The increased spatial resolution
of a continuous FOS relative to thermocouples with discrete spacings permits more precise calculation of
temperature profiles and spatial temperature derivatives. These insights can be used to challenge analytical
approximations and the impact of boundary conditions. This is of particular importance in the development of
performance-based characterisation approaches that are applicable to conventional and non-conventional
concretes with different thermal characteristics. FOS measurements also provide a rich dataset for model

validation and more targeted placement of thermocouples.

In this paper, an in-depth study of a coupled symmetrical prism experimental and analytical approach for the
thermal characterisation of concrete mixes is presented. Heat generation and conduction for one-dimensional flow
are discussed including analytical approximations and potential simplifications. Experimental symmetric prisms
are cast from two concretes with different heat generation characteristics and internal temperature measurements
are inferred using continuous distributed fibre optic sensors and thermocouples. The internal temperature profiles
during setting and for mature concrete subjected to a step change in temperature are mapped to investigate the
importance of phenomena such as out-of-axis heat flow. The symmetric prism results are subsequently analysed
using multi-physics simulation software (COMSOL Multiphysics) to derive fundamental heat generation and heat
conduction parameters. The prospect of the determination of concrete thermal footprint information from a single
prism specimen, the propensity for on-site application, and the accurate prediction of thermal properties for

unusual concrete mixes, for which limited previous data exist, are key advances.

2. Concrete prism thermal parameter estimation
The analysis combines a classical conduction theory model of heat flow with an Arrhenius approach to model the

rate of heat generation during hydration and the cumulative effect of the hydration reactions.

The Fourier-Biot equation for general heat conduction is shown in Eq. (1 ):

or + V(—kVT) =
peo; =q

(1)



. aT . . .
where T is the temperature of the concrete (K), a_: is the rate of change of temperature with respect to time

(Ks™), k is the concrete conductivity (Wm™'K™"), and q is the rate at which energy is generated per unit volume

of the concrete (Wm). When simplified to 1-D heat flow (O’Donnell and O’Brien, 2003), Eq. ( 1) becomes:
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(2)
where R, = p mCm/ pc > and p is the density of concrete at time ¢ (kg/m?) , ¢ is the specific heat capacity of
concrete at time ¢ (J/kg°C), p,, is the density of mature concrete (kg/m?), ¢, is the specific heat capacity of mature
concrete (J/kg°C), T, is the ambient temperature (K), g, is the normalised rate of heat generation (Ks™), k,, is the
thermal diffusivity of hydrating concrete (m’s™), x is the axial coordinate (m), and L, is the out-of-axis heat loss

coefficient (s™).

Heat generation can be modelled by combining hydration and maturity concepts. The Arrhenius approach uses
probabilistic collision theory to predict the chemical reaction rate (Carslaw and Jaeger, 1978). The normalised
rate of heat generation during hydration g is calculated by multiplying the Arrhenius equation, which describes
the influence of temperature on the rate of heat development, by g,-, the heat generation parameter at a reference
temperature which is a function of the maturity, to thereby describe the influence of the degree of hydration on

the heat development rate. The resulting expression is:

Qo = gre%a(%_%)

(3)

where E, is the apparent activation energy for the hydration reaction (Jmol"), R is the molar gas constant (Jmol

K1), and T, is a reference temperature (K) taken to be 293.15 K (or 20°C).

The normalised total heat generation per unit volume or maturity, Q (K), at a distance x and time ¢ is given by:

Q=ft% dt
’ (4)

on the basis that maturity and the total heat development at time t are interchangeable when used to find early age

properties (De Schutter and Taerwe, 1995a, De Schutter and Taerwe, 1995b).

The degree of hydration a = QL, is the ratio between the maturity and the total heat development Qax
max

corresponding to ideal complete hydration. The diffusivity k, can be modelled as a linear function of @, which



assumes a linear dependency of conductivity on hydration (Reinhardt et al. 1982, de Borst and van den Boogaard
1994) and thus:

kO = kOm + kl(Qmax - Q)
(5)

where kg, is the mature concrete diffusivity (when Q = @, ), and k; is a constant. Substitution of Equations

3 and 5 into Equation 2 leads to:

U T AT
E = Ro gré r + [kOm + kl(Qmax - Q)] ﬁ - Lp(T - Ta)

(6)

At an uninsulated cross-section where the concrete surface temperature is Ts,, or an insulated end cross-section
where the concrete surface temperature is T ;, the temperature gradient can be defined using Equations 7 or 8

respectively.

oT hy
Er R
(7)

aT h,
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(8)

The surrounding ambient temperature is 7, and the heat transfer coefficients, h; and h,, consider convection and

radiation from the formwork surface and conduction through the insulation and/or the formwork.

2.1 Parameter estimation using experimental prism internal temperature measurements
O’Donnell and O’Brien (2003) solved for the unknown heat generation and conduction parameters through
analytical simplifications and careful design of their experimental prism specimens and protocols. Full details can

be found elsewhere (O’Donnell and O’Brien, 2003) but a summary of their approach follows.



A long prism (950 mm length and 100x100 mm cross-section) was cast and left to mature. A step change in
temperature was then invoked by transferring the mature long prism from ambient conditions into an oven at
50°C. The temperature development was then recorded for several hours. Three short prisms (450 mm length and
100x100 mm cross-section) were also cast (see Figure 1(a)) and the temperature was monitored during hydration
for a week. Two of the prisms were left at ambient temperature throughout hydration (one which was completely
insulated and one with one face uninsulated) whilst the third short prism was left at ambient temperature for eight
hours and then alternated between ambient and an oven maintained at 50°C at eight hour intervals. All the

specimens had embedded thermocouples to monitor the internal temperature over time (O’Donnell and O’Brien,

2003).

In terms of their analysis, the concrete density, p (kg/m™), and specific heat capacity, ¢ (J kg'K™!), were assumed
to not significantly change over the main hydration period such that R, = P mCm/ pc=1. To determine the

unknown coefficients, the long prism temperature data was considered first. As the long prism had matured before
being placed in the oven, the hydration reactions were complete. In mature concrete which has fully hydrated q,,
is zero and k, = k,, . Consequently, when R, = 1 the out of axis heat loss coefficient can be derived from

Equation 2 as:

oo (22T\_aT
I = 0m\5x2) 3t
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(9)
where k,, is the diffusivity of mature concrete.

In addition, O’Donnell and O’Brien conducted finite difference numerical analyses that suggested that, at the

central cross section, conduction along the prism axis was small in relation to the out of axis losses. Therefore,

2
OTe . They further assumed that the

d0x2

when the internal central cross section temperature is T, this leads to

ambient temperature T, remains roughly constant relative to T, and that the out-of-axis heat loss coefficient L),

was a constant. Equation (9) then simplifies to:

(10)
which can be solved to give:

In(T, — T,) = In (D,) + Ly, (t)



(11)

where In(D,) is a constant, and L, is the constant gradient of the graph of In(T, — T,) against time which can be
determined from the long prism experiment. The loss factors 4; and /4, in Equations 7 and 8 and the diffusivity of
mature concrete, ko, were also determined by optimising a best fit for the temperature development along the

axis of the long prism.

Each of the three short prisms were hydrated under different conditions and used to find the setting parameters k1,
gr and % using Equation 6 with R, = 1. Whilst % and k; were constants, the rate of heat generation parameter

g was fitted to the values of Q calculated from the temperature development during hydration of the short prism
experiments. O’Donnell and O’Brien used both global and local methods to model the dependency of g, upon
maturity but suggested the global functions were more suitable when considering accuracy and analytical
complexity. Having found g,. and k, from the prism method, the temperature development and temperature rise

in sections of any geometry made with the same concrete as the prisms could then be modelled.

Gibbs (2006) subsequently used a similar analytical approach to that proposed by O’Donnell and O’Brien (2003)
but rationalised the experimental programme through use of a single long symmetrical prism (1000x100x100
mm) insulated on four sides with the end faces uninsulated (see Figure 1(b)). Internal thermocouples were
embedded along the central axis of the prism. The heat generation was monitored during the setting phase. The
insulated concrete prism was left to mature under ambient conditions and then placed in an oven at 50°C. The

unknown coefficients were thus derived from a single prism using an assumed apparent activation energy.
2.2 Symmetrical concrete prism coupled with multi-physics modelling

The work of O’Donnell and O’Brien (2003) and Gibbs (2006) suggest that combined experimental prism and
analytical approaches hold promise for the identification of fundamental concrete thermal footprints. However,
one challenge is that the unknown thermal parameters cannot be solved directly from the experiments. Hence

analytical simplifications and numerical iteration are required. It is also unclear whether simplifications such as

2T,
2

the heat flow in the central section of a mature prism being negligible ( Py

= 0) are truly valid, whether L), is a

constant throughout the prism, or if natural fluctuations in ambient temperature T, play a role. In addition, the
implications for novel concrete binder mixes with different thermal characteristics must be considered. In
concretes with a slow rate of heat generation, the temporal and spatial derivatives will differ from those of

conventional Portland cement CEM I mixes. A further limitation is that the analysis depends on the input of



second derivatives of temperature; any inaccuracies in experimental temperature measurements are therefore

amplified.

In the current work, symmetrical concrete characterisation prism experiments are coupled with internal
temperature measurement and multi-physics modelling to overcome these issues, such that thermal footprints for
conventional and novel concrete mixes can be inferred. A single symmetric experimental prism is used for both
heat generation and heat conduction assessment to minimise the number of specimens required. The specimen
length is sufficiently long to mitigate end effects but rationalised to accommodate oven size limitations, facilitate
ease of handling, and reduce concrete consumption. Relatively thick insulation around the prism perimeter with
uninsulated ends promotes one-dimensional heat flow to ensure that the axis flow term would be non-negligible
while the effects of ambient temperature fluctuations are minimised. The novel inclusion of a distributed fibre
optic sensor along the central axis provides a continuous profile of internal temperature for comparison with
thermocouple results. The experimental investigation is then intrinsically linked to multi-physics modelling using
COMSOL to provide insight through concrete parameter estimation, a better understanding of the heat flow, and

the determination of the robustness (or otherwise) of analytical simplifications and approximations.

3 Experimental design and methodology

A detailed experimental study of a symmetric prism characterisation test in the context of the heat generation was
conducted as the basis for development of a test procedure suitable for a range of cementitious materials.
Consideration of both a pure CEM I and a high GGBS replacement mix with different heat generation profiles

helps to elucidate the potential of the proposed approach to capture a variety of concrete thermal footprints.

3.1 Symmetric prism geometry

Figure 2 shows the geometry of the symmetric prism test used. The concrete sample was 700 mm long with a
100x100 mm cross-section. The prism length was dictated by the size of the environmental chamber available for
testing (to allow for temperature and moisture control) while ensuring that end effects would not dominate. The
long sides of the prism were insulated with 75 mm thick cavity wall insulation panels, with a fibre-free rigid
thermoset phenolic core and low-emissivity composite foil facings. The manufacturer’s stated thermal
conductivity was 0.018 Wm™'K-'. The concrete and insulation were surrounded by 18 mm thick 7-layer plywood
formwork. A 15 mm diameter hole in the formwork coincident with the centre of each uninsulated concrete face
allowed for fibre optic sensor and thermocouple cables to exit the formwork. The exit holes were subsequently

filled with plasticine.
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Figure 2: Symmetric prism design (measurements in mm)

3.2 Concrete mix design

Table 1 shows the constituent details for the two concrete mix designs, denoted as CI and CIIIB. Both mixes were
designed to achieve a 28 day cube compressive strength of 45 MPa. The relatively high quantity of CEM I 52.5N
in CI was achieved by targeting an S4 slump class, while the lower proportion in CIIIB was achieved through
70% cementitious binder replacement with GGBS and targeting an S1 slump class. The same sharp sand and

graded gravel were used in both mixes and their respective grading curves are shown in Figure 3.

Table 1: Concrete mix designs and properties of the symmetric prism tests

CI CIIB

CEMI52.5N  kg/m’ 438 179
SCM (ggbs)  kg/m? 417

fine aggregate  kg/m’ 756 618
coarse aggregate  kg/m’ 931 975
water  kg/m? 250 198

w/B 0.57 0.33

S/4 0.45 0.39

hardened density  kg/m? 2250 2290
28-day cube strength (mean) MPa 46.0 48.0
(s. dev.) MPa 1.4 4.1

specific heat capacity  J/(kgK) 1100 1010



100 100

80 1 80 il
2 0 2 o
X 40 A X 40 1

20 - 20

0.01 0.1 1 1 10
sieve size (mm) sieve size (mm)
(@) (b)

Figure 3: Grading curves obtained following procedure set out by BS EN 933-1 (2012) (a) fine aggregate — sharp
sand and (b) coarse aggregate — graded gravel

Cube compressive strengths were determined according to BS EN 12390-3:2019 (2019) and means and standard
deviations (see Table 1) were calculated from three 100x100x100 mm cube specimens wet-cured at 20°C.
Densities were found for three 100x100x100 mm cube specimens which were wrapped in cling film and cured in

environmental conditions to replicate the internal moisture and density of the insulated concrete most accurately.

The specific heat of a multiphase material can be taken to be the sum of the products of the specific heat of each
phase with the relative mass fraction of that phase (Bentz, 2007). As such, the specific heat capacities of the

concrete mixes were predicted using:

mCOTl

Ceon = (McCe +MyuCag + MgyCag + MyCy ) -
con ( ctc ad‘a ag‘tag ww) mc+mad+mag+mw

(12)

and representative values for the constituent materials.

3.3 Temperature instrumentation

Two temperature measurement techniques were implemented: thermocouples (tc) and loose tube fibre optic cables
(FOS). Type K-Chromel-Alumel thermocouples were used in both symmetric prism tests (insulation material:
PFA, core strands: 1/0.315mm, max. operating temperature: +260°C) but there were different thermocouple
layouts in CI and CIIIB, as shown in Figure 4. The initial intention was to use the thermocouples to spot check

the FOS-derived temperatures and, as such, CI had three rows of five evenly spaced thermocouples (175 mm

10



apart) where the first row (tcO-tc4) was along the central longitudinal axis of the prism, the second row (tc5-tc9)
was at the concrete-insulation interface and the third row (tc10-tc14) was on the outside of the formwork to
measure ambient temperatures. However, as will be discussed in a later section, non-linearities were observed in
the CI FOS readings. Hence a tighter thermocouple spacing (70 mm apart) was felt to be desirable for CIIIB to
reduce reliance on the FOS results and provide greater scope for comparison of the two techniques. It was also
noted that the temperature readings on the outside of the box in CI were similar to those at the concrete-insulation
interface. Hence the 15 thermocouples were rationalised and redistributed in CIIIB with one row of eleven evenly
spaced thermocouples along the central longitudinal axis of the prism (tc0-tc10), and another row (tc11-tc14) on

the outside of the formwork.
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Figure 4: Thermocouple layouts in (a) CI and (b) CIIIB

A single-mode core loose tube fibre optic cable was also placed along the central longitudinal axes of the concrete
prism prior to casting. The cable had a diameter of 6 mm, 4 fibre cores with a loose gel-filled tube made of
Polybutylene Terephthalate within a low smoke zero halogen copolymer outer sheath. The manufacturer’s
maximum temperature range is stated as 60°C. Distributed measurement is acquired along the cable using an
Optical Distributed Sensor Interrogator LUNA OdiSI 6104 which operates on the principle of measuring Rayleigh

backscatter. In each test, measurements were made at one-minute intervals with a 2.6 mm spatial resolution.

11



3.4 Casting

The casting stages of the symmetric prism CI are shown in Figure 5 and the same procedure was followed for
CIIIB. The insulated formwork with thermocouples already in place was first filled halfway with concrete, then
the fibre optic cables were added and the formwork for the uninsulated ends secured. The mould was filled to the

final height, and the concrete prism sealed with the final insulation panel and the formwork lid.

(d) (e) ()

Figure 5: Casting — stages (a) thermocouple installation (b) concrete placement (c) FOS installation (d) concrete
placement (e) insertion of top insulation panel and (f) application of formwork lid

3.5 Setting phase and mature concrete phase

For the setting phase, the temperatures were recorded using the thermocouples and fibre optic cable. The readings
commenced approximately 40 minutes after the start of mixing and continued for 120 hours with a sampling
period of 60 seconds. The setting phase was carried out in standard lab conditions, as shown in Figure 6(a). The

insulated symmetric prism was subsequently placed vertically in an environmental chamber. Based on the limited

12



size of the chamber, this orientation was chosen to maximise the prism length and to prevent bending of the fibre
optic cables exiting the concrete, as shown in Figure 6(b). The CI and CIIIB prisms were tested at an age of 28
days. The environmental chamber was held at 20°C and 55% relative humidity for four days for the concrete
prism to equilibrate. The temperature was then increased to 40°C (the start of the mature phase test is when this
step increase in temperature occurs), while maintaining 55% relative humidity. The temperatures in the concrete

and chamber were recorded with a sampling period of 60 seconds.

(a) (b)

Figure 6: (a) Setting phase lab set-up and (b) environmental chamber phase set-up (chamber closed during
testing)

3.6 FOS frequency shift calibration

The conversion of a frequency shift in the FOS measured using the Luna Analyser into absolute temperatures
proved to be challenging, even when strain effects were assumed to be small. Maier et al. (2023) investigated
temperature calibration factors for FOS cables and found a dependency on the cable composition and that non-
linear effects were noted during thermal cycles. Non-linear hysteresis was also noted in the current work, as
shown indicatively in Figure 7 where a FOS frequency shift is plotted against a linear thermocouple derived
temperature change. If there was no hysteresis in the FOS measurements, then a constant calibration factor could
be used to convert the measured frequency shift into a temperature, either for heating or cooling. However, non-

linearity in the FOS data meant that a linear calibration would not have a high degree of accuracy. A further

13



concern is the temperature dependent variation in the deviation relative to the thermocouple temperature. This
adversely impacts the calculation of the second derivatives used in the analytical solution since the extent of the
offset for two cross-sections with different temperatures will differ. To mitigate these effects a non-linear
temperature dependent second order polynomial FOS calibration approach was used where the peak temperature
at a given location was matched to an associated hysteresis calibration curve to convert the FOS frequency shift
to temperature. For example, the FOS calibration curve for a point the reaches a temperature of 7;,.x; would differ
from that of a point that reaches a maximum temperature of Tya (see Figure 7). This approach led to a good
agreement between the FOS and temperature measurements and was applied in the interpretation of the setting

and mature phase results that follow.

20

1071

FOS frequency shift

-10 1 1 1 L
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thermocouple temperature, T;. (°C)

Figure 7: Indicative comparison of non-linear FOS measurements and thermocouple data

4. Internal Temperature Profiles

The thermocouple and FOS derived results allow for the complete temperature profile to be plotted with respect
to time and location. The corresponding setting phase temperature surfaces for CI and CIIIB are shown in Figure
8 whereas the results for the mature specimens subjected to a temperature increase are shown in Figure 9. There
are some fluctuations in the FOS data (as discussed in the previous and subsequent sections) but the results

generally offer a good visual representation of the spatial and temporal temperature distributions.

During the setting phase, the highest internal temperature of 48.6 °C was reached in CI at around 12 hours, with

a peak temperature at x = 0 (the midpoint of the prism) that then decreased towards the uninsulated ends. The

14



CIIIB prism with GGBS replacement reached a lower maximum temperature of 42°C at x = 0 at the later time of

t =21 hours. Thus, the concrete thermal footprints during setting of the two mixes were distinctive.
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Figure 8: FOS derived temperature profiles during setting stage for (a) CI and (b) CIIIB, with thermocouple data

overlaid in black

In the mature phase spatial and temporal distributions of temperature in Figure 9, the origin of the time axis is at
approximately the point where the temperature in the centre of the specimen started to increase, following the step
change in ambient temperature of the environmental chamber. The temperatures are initially higher at the outer
uninsulated ends but with time the temperature starts to equilibrate throughout the specimen. The distributions are
curtailed in the plots at the stage when the second derivatives of temperature become less meaningful. It is of
note that in Figures 8 and 9 the end thermocouples (at x = 0.35 m and x = —0.35 m) show the largest deviations
from the surface plot. These thermocouples are at a boundary and, consequently, not as representative of the

concrete internal temperature. As such, in the following analyses the end readings have been discounted.

15
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Figure 9: FOS derived temperature profiles during mature stage for (a) CI and (b) CIIIB, with thermocouple data

overlaid in black

5 Analysis and discussion of temperature data using multi-physics modelling

The temperature data for mixes CI and CIIIB were used as inputs into a multi-physics COMSOL model to extract
the heat generation and heat conduction parameters. The geometry of the COMSOL model matched the
experimental prism specimens. Heat flow in the concrete model was analysed using the ‘Heat Transfer in Solids’
module for solid materials, coupled with the ‘Global ODEs and DAEs’ interface to simulate the hydration reaction.
Details of the model set-up, including the material properties, thermal boundary conditions, the ‘physics’

equations and solving methods are shown in Appendix A.
A flowchart of COMSOL analysis procedure is summarised in Figure 10 where the following steps are indicated:

Step 1. For mature concrete, Equation 9 shows a linear relationship between k, (a property of the concrete) and
L}, (a property of the insulating box set-up). These two variables are expected to be constant along the concrete
axis and through time. However, in the concrete regions close the uninsulated faces, additional out-of-axis losses
would occur and L, is therefore unlikely to be constant in these zones, The solutions for ky, and L), are found by
performing a parameter estimation analysis in COMSOL. The solutions for variables &y, (model concrete
diffusivity) and k£ _ply (model formwork plywood conductivity) are found by matching the model output to the
measured temperature data from the experiment. After L, is known, this COMSOL analysis step is not required

for other concretes using the same insulated box and experimental conditions.
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Step 2. For the setting phase, R, is again taken to be 1 and the constant k; is expressed as k; = Aky;/Qmax O

facilitate the solution procedure. Equation 6 thus becomes:

2

aT ﬁ(l_l) a°T
E=gT€R I T +k0m(1+A—Aa) ﬁ —L;,(T—Ta)

(13)

where @ = Q/Qax and A is an unknown constant to be determined. Equation 13 is then solved in a stepwise
approach. The total heat developed at complete hydration Q,,,,, is a property of the concrete mix and should be
equal for all x along the central axis of a prism at the end of the setting phase. Iteration of the setting phase
experimental data using initial predictions for Q,,,, and A is carried out using Matlab until the input Q,,,,, equals
the output for a given A. Due to the variability of the data, the average Q,,,, found from a central region is

considered. The Matlab code used is shown in Appendix B.

Step 3. The output g, from the above data analysis is calculated by assuming a reference value of Ea_ref, taken
here as 35 kJ/mol. This g, is used as an input gr dat to the COMSOL model. The model output temperature
profile is compared to the experimental data. Steps 2 and 3 are then repeated and A is varied in the Step 2 data
analysis until the input to the COMSOL model gr_dat produces the same temperature profile as the experimentally
measured data. The COMSOL model includes the function anl(T) (see Table 5 in Appendix B) which allows g,
to be back-calculated for a value Ea rather than the assumed Ea ref. Parameter estimation using COMSOL to
then find the actual value for Ea to match the results would require further iteration between the COMSOL model
and Matlab analyses. This was not done in the current work as it proved to be computationally expensive and the
computational demand was exacerbated by the need for a fine COMSOL mesh for accuracy. So evaluation of Ea
remains the subject of future work. However, an initial parametric sensitivity study varying Ea suggested that,
for a given O, the selected value of Ea_ref scales the peak magnitude of g, but that the general shape of the

evolution of heat generation versus maturity remains similar.
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Figure 10: Flowchart of COMSOL analysis procedure

5.1 Derivation of mature concrete parameters using multi-physics modelling

As discussed, in the modelling approach, the results of the mature concrete prisms are analysed first to determine
Ly, and ko, (Step 1.). The predictions using the estimated parameters can then be compared with the experimental
temperature profiles to provide confidence that the characteristics of the temperature distribution with respect to

time and location have been captured.

The thermocouple data from tc2 and tc3 for CI and from tc4 and tc6 for CIIIB (representative of the temperature
in the central region —0.1m < x < 0.1 m) were used for parameter estimation of the mature concrete parameters
for each concrete using the COMSOL model. The parameter estimation study matching the COMSOL model
output to the experimental test data resulted in k_ply = 0.16 W/(m-K) which is consistent with that found elsewhere
(Saeed at al.,, 2022). The estimated out-of-axis heat loss coefficient L, was 5.78 x 10 s, leading to
kom=1.57 x 10°* m?/s for CI and kq,,=1.50 x 10°® m?/s for CIIIB. These results are then used to predict the time-
dependent and location dependent temperatures to ascertain if the use of these parameters matches the
experimental profiles after the step change in temperature. These are compared in Figure 11 for the case of
temperature change with time at x = 0 and temperature change along the prism length for £ = 7.5 hours. The least
squares error between the measured and predicted temperature in the concrete for CI and CIIIB were 3.10 °C and

1.08 °C respectively. The thermocouple (tc) and calibrated FOS results are also shown.
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Figure 11: Parameter estimation comparison for CI mature concrete phase (a) time dependent temperature at
the central section (b) location dependent temperature at time t=7.5 hours, and for CIIIB mature concrete phase
(c) time dependent temperature at central section (d) location dependent temperature at time t=7.5 hours

Using the derived values of L}, and kg, the individual terms of Equation 9 are compared in Figure 12 using either

the experimental data or the COMSOL predictions for CI and CIIIB. The Z—: derivatives shown for both

2
experimental tests are from thermocouple data, and the % derivative is from the FOS data for CI and from

thermocouple data for CIIIB. The fibre optic sensing data from the mature concrete phase was of lower quality

than the thermocouple data due to accuracy errors introduced through calibration and smoothing. The FOS data

was nevertheless used for spatial derivatives of CI due to the sparse thermocouple layout in this specimen.
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Figure 12: Mature concrete conduction terms from COMSOL model at x=0 for (a) CI and (b) CIIIB

2
Figure 12 shows two lines for the same term, (3—: — kom %) and (L’p (Ty=o — Ta)), to show that these are equal

for t = 2.25 hours in the COMSOL model, and therefore L’p is considered constant with time in ideal conditions.

5.2 Modelling of heat generation in concrete prisms
Once ko, and L}, have been obtained, the heat generation curves and correlation with experimental measurements
can be further explored (Step 2.). The heat generation parameters, g, (@), describing the influence of the degree

of hydration on the heat development rate for CI and CIIIB, are shown in Figure 13(a). Iteration to find the function
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gr(a) from the experimental data to input into the COMSOL model and achieve a match between model and
experimental temperatures leads to mean values of: Q4 = 46.2 K for CI and Q,,,4, = 47.7 K for CIIIB. Figure
13(b) shows the total heat generated in the concrete with time. The shaded regions in Figure 13(b) show the
variability in Q@ from experimental data in the range —150 < x < 150 mm. As will be discussed in the next
section, L;, was fairly constant over this length so the predictions should be most representative in this region.

The larger peak of g,.(a) in Figure 13(a) for CI translates to a shorter time to reach Q,,,, in Figure 13(b).

. x10* . ‘ ‘ g - T
CI 50 L maxr — s |

6 ——CIIB| | Qumaz = 46.2
s 40+ ]
T£ 4t 1 &0t — 0|

—CIIIB

Sl <o
6} 20 [ 7

2

; 10 i

O 1 1 L 1 O 1 1 1 1 1

0 0.2 0.4 0.6 0.8 1 0 20 40 60 80 100 120
a t (hours)
() (b)

Figure 13: Heat generation in CI and CIIIB (a) g,(a) and (b) Q(t)
The accuracy of g, () from experimental data as an input for temperature prediction in the COMSOL model is

A . a%T . .. .
shown in Figure 14. The temperature profile along x is shown at t when 5z 18 @ minimum and the difference

between the centre and uninsulated surface end temperatures is greatest.
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Figure 14: Accuracy of g,(a) for setting phase temperature profiles (a) CI with respect to t (b) CI with respect
to x (c) CIIIB with respect to t and (d) CIIB with respect to x

For the calculated k, and L;, Figure 15 shows the individual terms of Equation 2 for CI and CIIIB respectively,

2
when R,=1. The least accurate term, comparing processed experimental data and the COMSOL model, is (k0 ZX—Z).

In both the mature concrete phase and the setting phase, this term is nonnegligible at the central point.
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Figure 15: Setting concrete conduction and heat generation terms from COMSOL model at x=0 for (a) CI and
(b) CIIIB
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5.3 Discussion of symmetric prism method for heat generation and conduction in concrete prisms

The forward analysis on COMSOL with the input g,-(@) and Q,,,, from the backwards analysis of the prism
experimental data was necessary to interpret the results. However, this led to determination of key thermal
properties such as Ly, kq,,, and 4 for the two different mixes, as summarised in Table 2. The CIIIB mix had a
higher Q,,,, than that of the CI mix, associated with a longer time to reach full hydration. For mix CI, A =0
suggesting that the diffusivity was not dependent on the degree of hydration. In contrast, as A was found to be

0.25 for CIIIB, the diffusivity changed during the hydration process.

Table 2: Thermal properties of CI and CIIIB

Cl CIIIB
Ly s 5.78 x 10°° 5.78 x 10
kom (m?/s) 1.57 x 10 1.50 x 106
Omax (K) 46.22 47.65
A 0 0.25

The use of COMSOL for parameter estimation of L, and kg, as derived from the mature concrete temperature
data was powerful, as it led directly to these values and implicitly smoothed noise in the experimental data. These
advantages can be demonstrated by considering a range of typical diffusivity values for concrete (0.002—-0.006
m?hr!, (Neville, 1981)) and a linear relationship between kg, and L, to satisfy Equation 9. In Figure 16, the
COMSOL fitted values are compared with combinations of k¢, and L;, that satisfy Equation 9, using the mature
phase data from thermocouple (tc) and FOS measurements to give mean temperatures +— one standard deviation.
For a given kop,, the average (line) and standard deviation (shaded) for L), is found for —0.1 m < x < 0.1 m and
2 <t < 30 hours (excluding outliers more than three times the standard deviation from the mean). The range in
x excludes outer regions of the prism near the uninsulated ends, which are affected by boundary conditions
unaccounted for in Equation 9 (as will be discussed below), and the range in t excludes initial unsteady conditions
and measurements for differences in temperature less than 3°C between the centre of the concrete prism and the
environmental chamber temperature. The breadth of possible solutions shown in Figure 16 highlights that there
is significant variability in the data due to a very small Z—:, and the values for ko, and L, are difficult to obtain
with certainty. In particular the large variability of fibre optic data meant that the gradients are not smooth (see
Figure 12), yet the magnitudes are very small (of the order of 107), and so it is difficult to accurately estimate
parameters directly from these data. The COMSOL modelling strategy used here provides a beneficial alternative

to this approach.
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Figure 16: Relationships between out-of-axis losses and mature concrete diffusivity found with the different
measurement systems, shaded regions showing one standard deviation from the mean (a) CI and (b) CIIIB

The COMSOL modelling also provides insight into the region where L'p is fairly constant. In Figure 17 the
variation of L}, along x (the prism central axis) is plotted at t = 7.5 hours (approximately at the peak 3—:) for mix
CIIIB, which was chosen for this comparison due to the tighter thermocouple spacings. The results indicate that
the COMSOL estimate of L), is consistent in the central prism region where ~ —0.2 m <x <~ +0.2 m but that close
to the uninsulated ends there is significant variation in the calculated L;,. The analysis of the experimental data
shows greater variability which results in a smaller ‘constant’ region for Ly,: ~ —0.18 m < x <~ +0.18 m based on
the thermocouple readings. The larger variability in the fibre optic data led to an even shorter length over which
usable data was acquired (~ —0.1 m <x <~ +0.1 m). These results suggests that while the 700 mm prism length

was sufficient it is potentially close to the limit for a minimum length to ensure that 1D flow assumptions apply

in the central region and that L}, can be taken as a constant.
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92 . . .
The value of 6_967; at the central cross-section will depend on factors such as the concrete, the prism length, and

the insulation. For example, Gibbs (2006) tested longer prisms with an CEM I mix and thinner insulation,

. a2 . .
consequently finding that the # term was not significant. However, for the test set-up and mixes used here, the

a%T . . . . . .
oy term at the central prism cross-section was not negligible during the setting or mature phases for either CI or

CIIIB (see Figures 12 and 15). Use of multi-physics modelling as a tool diminishes the need for analytical
simplification, in which case the focus can shift to simplification of the experimental characterisation and then
leveraging of modelling to better interpret the data and mitigate the implicit uncertainty within. Thermal problems
are a particular challenge since second order temperature derivatives are difficult to accurately obtain

experimentally.

5.4 Design of symmetric prism test

The symmetric prism design holds promise. The specimen cross-section of 100x100 mm worked well for the
material compositions used here and could potentially accommodate concretes with larger aggregate sizes. The
insulation panels provided an effective thermal barrier and the 700 mm length meant that 1D flow assumptions
held in the central region. The length was also conducive for insertion of the insulated box into a conventional
oven for the mature concrete phase testing. The ability to derive setting and mature properties from a single
specimen was also advantageous. So the symmetric prism geometry and boundary conditions balanced the
minimisation of the specimen size and number of specimens, need to accommodate a range of concretes, practical
equipment constraints and the desired thermal distribution requirements. The embedded thermocouples provided
a stable internal measurement of temperature but relatively tight thermocouple spacings were required to reliably

ascertain second derivatives of temperature. While the non-linearity in the FOS data in the current work was an
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issue, work conducted elsewhere (Maier et al., 2023) suggests that subjecting a FOS cable to pre-heating and pre-
cooling cycles reduces the hysteresis associated with temperature cycling. Hence, temperature cycling of the FOS
cables prior to embedment could improve the accuracy of the FOS derived temperatures to provide a continuous
temperature profile. Additional experimental work with embedded FOSs could then be used to make

recommendations for thermocouple sensor layouts that add most value and reduce the volume of data acquired.

5.5 Future work

The symmetric prism thermal test shows promise as a unified approach for concrete thermal characterisation.
Further parametric analyses would inform test setup factors (geometry and insulation) that, in conjunction with
influences such as the rate and maximum heat of hydration and boundary effects, are required to ensure that the
temperature evolution in the model relies on material parameters rather than imposed surface losses. Scoping of
a wider range of conditions and concretes to investigative analytical approximations would help to further define
the appropriate balance between analytical complexity and accuracy. The testing of more concretes with different
mix proportions, binders, aggregate types and aggregate sizes would further establish the propensity for the use
of the symmetric prism test as a basis of comparison for concrete thermal footprints. Benchmarking comparison

and correlation with other thermal methods such as isothermal calorimetry would also be desirable.

6 Conclusions

Performance-based concrete frameworks offer a promising pathway to improve cement efficiency and accelerate
acceptance of emerging alternative cementitious binders. To assess thermal performance, a symmetric concrete
prism approach suitable for a range of different concrete compositions is proposed in this paper, to characterise
the heat generation and heat flow. An experimental concrete prism specimen with embedded temperature sensors
is first insulated around its longitudinal perimeter to promote one dimensional heat conduction. The temperature
measurements acquired during an early age hydration phase and a subsequent mature phase (where the specimen
is subjected to a step change in temperature) can then be interpreted using multi-physics modelling. In this way,

concrete heat generation and heat flow parameters for a given concrete mix are established.

Using this approach, concrete thermal footprints were ascertained for mixes with a CEM I or a CEM I/GGBS
binder, denoted as CI and CIIIB respectively. The shapes of the heat generation curves of the two mixes were
differentiated, wherein a peak temperature of 48.6 °C was reached at around 12 hours in the CI mix compared to
a peak of 42°C after around 21 hours in the CIIIB mix. The total heat generated in the CI and CIIIB mixes were

46.2 K and 47.7 K respectively. This suggests that the symmetric prism method can be applied to concretes with
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different heat generation profiles. The approach also revealed differences in the thermal diffusivity of the hydrated

concretes with a higher diffusivity (1.57x107% m?/s) noted in the CI mix than in the CIIIB mix (1.50x107¢ m%/s).

The solution of the underpinning one-dimensional heat conduction equations requires the input of experimentally
derived second derivatives of temperature. These are most accurately obtained using small thermocouple spacings
or distributed FOS sensing. However, non-linearity in the heating and cooling calibration of the FOS cable thermal
measurements introduced uncertainty in the distributed sensing results. If this can be overcome, for example
through thermal pre-conditioning (Maier et al., 2023), FOS potentially offers continuous spatial and temporal
profiles of temperature distribution which could inform specimen design improvements, analytical interpretation,

and rationalised thermocouple placements for a simplified version of the test method.

Experimental thermal measurements and multi-physics modelling were used to probe analytical assumptions
associated with prism testing. It was found that the out-of-axis heat loss coefficient varied near the uninsulated

ends of the symmetric prism. It is therefore recommended that only the central portion of the prism is considered

. . . a2
for back-calculation of this parameter. It was also found that, for the concretes and configurations tested here, %

was not negligible at the central cross-section of the prism during either the early or mature testing stages.

Measurement of internal temperature in a concrete symmetric prism during an early age and mature stage coupled
with multi-physics interpretation holds promise of a performance-oriented approach to determine concrete thermal

footprints.
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Appendix A COMSOL Multiphysics model details

Table 3: COMSOL geometric, concrete, global temperature, and insulation box input parameters

Symbol
L conc
W conc
H conc
Cp_c
rho_c
w_insul
w_ply
Cp_insul
rho_insul
k_insul
Cp_ply
rho_ply
Tini_ovn
Tovn
Tref

Tamb_set

k_ply

kOm

Omax

Ea_ref

gr dat

Value [units]
700 [mm]

100 [mm]

100 [mm]

Table 1 [J/(kg-K)]
Tabel 1 [kg/m?]
75 [mm)]

18 [mm)]

1450 [J/(kg-K)]
7.16 [kg/m?]
0.0018 [W/(m-K)]
2500 [J/(kg-K)]
600 [kg/m3]

20 [degC]

40 [degC]

20 [degC]
Tamb(t)

parameter estimation

[W/(m-K)]

parameter estimation

[m?/s]

iteration []

2A% + c1A + ¢ [K]

35 [kJ/mol]

parameter estimation

[kJ/mol]

iteration [K/s]

Description

Concrete prism length

Concrete prism width

Concrete prism height

Concrete specific heat capacity, input from predicted data shown in Table 1
Concrete density, input from measured data shown in Table 1

Insulation thickness

Plywood thickness

Insulation specific heat capacity, assumed

Insulation density, assumed

Insulation conductivity, from manufacturer technical specification

Formwork plywood specific heat capacity, assumed

Formwork plywood density, assumed

Initial temperature of the prism (throughout) and environmental chamber
Environmental chamber temperature for conductivity testing of mature concrete
Reference temperature for scaling g,

Ambient temperature measured experimentally throughout the setting phase is
provided as an input for the model, achieved using an ‘interpolation function’
which linearly interpolates between data points

Formwork plywood conductivity, value found through parameter estimation by
using the Levenberg-Marquardt algorithm to find parameters kOm and k_ply for
which the least-squares error between the model output and experimental test data
from the mature concrete phase is minimised

Concrete diffusivity, value found through parameter estimation by using the
Levenberg-Marquardt algorithm to find parameters kOm and k_ply for which the
least-squares error between the model output and experimental test data from the
mature concrete phase is minimised

The value of 4 is found though iteration (the value of 4 affects model inputs
Omax and gr_dat) to achieve an acceptable fit between the model output and the
experimentally measured temperatures from the setting phase

QOmax is calculated using a best-fit polynomial, found by iteration of experimental
test data from the setting phase

The value of Ea scales the shape of g,-(a) of the experimental test data, so a
reference value Ea_refis used to prevent further changes to input gr_dat

Value found through parameter estimation (for a given Omax, Ea does not affect
the model output)

The heat generation parameter measured experimentally throughout the setting
phase is provided as an input for the model, achieved using an ‘interpolation
function’ which linearly interpolates between data points (this input is changed

with iteration of 4)

32



Table 4: Mature concrete phase COMSOL model set-up

Heat transfer in solids

(dependent variable 7)

Formwork plywood external surface
temperature (constant)

Initial temperature (all components)

aT
pCpE+pCpu-VT+V-q= Q + Qteq
where: q = —kVT

Tovn

Tini_ovn

Table 5: Setting phase COMSOL model set-up

Heat transfer in solids

(dependent variable 7)

coupled with distributed ODE
(dependent variable alpha)
Formwork plywood external surface
temperature (variable)

Initial temperature (all components)
Concrete conductivity

Heat source (concrete)

Source term

Damping or mass coefficient

Mass coefficient
Initial value of alpha

Initial time derivative of alpha

aT
pCpE+pCpu-VT+V-q=Q+Qted

where: q = —kVT

d%alpha
at?

dalpha _

o S

coupled with: e, +d,

Tamb(t)

Tamb(0)

rho_c *Cp_c*kOm*(1+A4-A*alpha)

O=rho_c*Cp_c*Qmax*d(alpha,t)
f=exp(Ea/R_const*(1/Tref-1/T))*(1/Qmax) *anl(T)*gr_dat(alpha)
where: anl(T)= exp((Ea_ref-Ea)/R_const*(1/Tref-1/T)) is included as an
analytic function to scale gr_dat, and R_const is the molar gas constant

(Jmol 'K

de=1
e, =0
0

exp(Ea/R_const*(1/Tref-1/Tamb(0)))*(1/Omax)*anl (Tamb(0))*gr dat(0)
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Appendix B Matlab code for stepwise analysis of setting data

% initial values and data range of interest
Qmaxe=50;
X_range_start=find(x_set>=-0.15,1);
Xx_range_end=size(x_set,1)-x_range_start+1;
t_end=find(t_set>=60*3600,1);

kme@=1.57e-6;
Lp=5.78e-6;
A=0;

% step-wise solver iteration
for cnt=1:10
Qmax=Qmaxe;
k1_init=A*km@/Qmax;
for i=1:t_end
if i==1
ko(i) =kmo+(Qmax-G_init)*kl_init;
q(i,:) =dTdt_set(i,:)+Lp.*(Tc_set(i,:)-Ta_set(i))-ko(i).*d2Tdx2_set(i,:);
Q(1:i,:) = zeros(1l,size(Tc_set,2));
else
ko(i) =kmo+(Qmax-Q(i-1))*kl_init;
q(i,:) =dTdt_set(i,:)+Lp.*(Tc_set(i,:)-Ta_set(i))-ko(i).*d2Tdx2_set(i,:);
Q(1:i,:) = cumtrapz(t_set(1:i),q(1:i,:));
end
end
Qmaxi=max(Q);
Qmax@=mean(Qmaxi(x_range_start:x_range_end));
if round(Qmax,2)==round(Qmax®@,2)
Qmax=Qmaxo;
break
else
end
end

% finding gr from q

Ea_ref=35000;

R=8.314;

Tr=20;

alpha=Q./Qmax;
gr=q./exp(-(Ea_ref/R)*(1./(273.15+Tc_set(1l:t_end,:))-1./(273.15+Tr)));
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