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In  the  present  study,  a new  analysis  method  is  proposed  to measure  thermal  conductivity,  thermal  dif-
fusivity,  volumetric  specific  heat  capacity,  and  specific  heat  capacity  of  cement-based  materials  based
on the  guarded  heat  flow  meter  apparatus.  We  tested  hydrated  cement  paste  specimens  with  0.4  water-
to-cement  ratio  and  applied  both  steady  and  non-steady  state  data  to compute  thermal  properties  of
the  hydrated  cement  paste.  Thermal  conductivity  and  thermal  contact  resistance  were  determined  as
1.28  W  m−1 K−1 and  0.038  m−2 K W−1 using  steady  state  data.  Furthermore,  using  a  computerized  sys-
ement
oncrete
hermal conductivity
hermal diffusivity
pecific heat capacity

tem  of heat  flow meters  and  non-linear  regression,  we  used  non-steady  state  data  to  measure  thermal
diffusivity,  volumetric  specific  heat  capacity  and  specific  heat  capacity  of  the  hydrated  cement  paste  as
4.77 ×  10−7 m2 s−1, 2685.4  kJ m−3 K−1, and  1.28  kJ kg−1 K−1. The  relative  uncertainties  of  these  properties
fell  within  2–7%  range  and the  residual  distributions  were  validated  to  follow  a  normal  distribution  based
on  quantile–quantile  tests.
eat flow meter

. Introduction

The need for improved thermal insulation properties and accu-
ate evaluation of the effects of heat-transfer on energy use and
arbon emissions in buildings and structures is widely acknowl-
dged within the engineering community. Good thermal insulation
s essential if we are to meet the demands of energy efficiency and
ecent indoor thermal comfort that are required to achieve a low
nergy, low carbon and sustainable way of life in future. There are
any other applications where good thermal insulation is required

o conserve heat or reduce thermal loading on a structure, for exam-
le the refractory lining of a rotary kiln in Portland cement clinker
roduction or the radiation shield of a nuclear power plant.

The three key properties that are required in the study of the
hermal insulating properties and heat transfer through materials
re thermal conductivity, specific heat capacity and thermal diffu-
ivity [1]. Thermal conductivity is a measure of a material’s ability
o transmit heat by conduction and is one of the basic parameters
sed to determine properties such as the thermal resistance
R-value) or alternatively the overall heat transfer coefficient (U-

alue) of the external envelope (or envelope element) of a building.
pecific heat capacity, on the other hand, describes the capacity of
he material to absorb, store and release heat. It is widely used in

∗ Corresponding author. Tel.: +44 1224 272506; fax: +44 1224 272497.
E-mail address: m.s.imbabi@abdn.ac.uk (M.S. Imbabi).

ttp://dx.doi.org/10.1016/j.tca.2014.04.015
040-6031/© 2014 Elsevier B.V. All rights reserved.
©  2014  Elsevier  B.V.  All  rights  reserved.

thermodynamic analysis and in Dynamic Simulation Modeling of
buildings, to simulate inertial effects and predict heating profiles
and annual energy demand. Lastly, thermal diffusivity is the param-
eter that defines the transient thermal profile during unsteady,
transition periods in the heating/cooling cycle. It is the parameter
that links thermal conductivity and specific heat capacity.

Cements, and cement products such as concrete, are amongst
the most commonly used construction materials in the world.
Knowing their thermal properties is important if we are to meet
the sustainability challenges that we  face. There are two generic
approaches to measuring the thermal conductivity of materials:
steady state tests and non-steady state tests [2]. The Radial Heat
Flow (RHF), Guarded Hot Plate (GHP), and Guarded Heat Flow
Meter (GHFM) methods are steady state tests, and the Hot Wire
(HW) and Transient Plane Source (TPS) methods are non-steady
state tests. The thermal properties of cementitious materials
have been tested using these methods. Bentz [3], Bouguerra et al.
[4], and Milovanovic et al. [5] used TPS for hydrated cement
pastes, Kim et al. [6] applied the Two-Linear-Parallel-Probe (TLPP)
method to hydrated cement paste and concrete, and Khan [7] and
Mounanga et al. [8] used the HW method for hydrated cement
and concrete. Other researchers have applied these test methods
to other cementitious materials, such as lightweight concrete

and geopolymers [9,10]. Furthermore, Fokaides et al. recently
applied infrared thermography to measure the U-value of building
envelopes [11]. The reported values for thermal conductivity
of hydrated cement pastes, at water-to-cement (w/c) ratio of

dx.doi.org/10.1016/j.tca.2014.04.015
http://www.sciencedirect.com/science/journal/00406031
http://www.elsevier.com/locate/tca
http://crossmark.crossref.org/dialog/?doi=10.1016/j.tca.2014.04.015&domain=pdf
mailto:m.s.imbabi@abdn.ac.uk
dx.doi.org/10.1016/j.tca.2014.04.015
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Table 1
Literature values for the thermal conductivity of comparable hydrated cement pastes.

Author Method Specimen description Surface condition Temperature (◦C) Conductivity
(W m−1 K−1)

Kim et al. [7] Two-linear-parallel-
probe

Hydrated cement paste
in saturation (w/c = 0.4)

Flat cast 20 and 40 1.16 and 1.13

Bentz  [3] Transient plane source Hydrated cement paste
in saturation (w/c = 0.4)

Flat cast 23 0.94

Milovanovic et al. [5] Transient plane source Hydrated cement paste
in saturation (w/c = 0.4)

Flat cast 20 1.81

Bouguerra et al. [4] Transient plane source Hydrated cement paste
in saturation
(density = 2100 kg/m3)

Crushed 20 2.85
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or polished, meaning that a smaller contact area has a practical
Fig. 1. Illustration of heat flow between instrument and specimen.

.4, measured under saturated condition, are summarized in
able 1. According to Kim et al. [6], the difference in the thermal
onductivity between hardened cement pastes with 0.25 and 0.4
ater-to-cement ratios was only 0.058 W m−1 K−1. Notwithstand-

ng the compositional uncertainty and complexity of cementitious
aterials, the differences between the values reported are high by

ny stretch of the imagination and are therefore probably subject
o unquantified experimental artifacts as the relevant literature
efers to equivalent mix  proportioning and similar test conditions.

The purpose of the work reported in this paper is to investi-
ate and understand the reason(s) for these large variations and
nomalies, and to develop a consistent analysis method for deter-
ining the thermal conductivity and other thermal properties of

ementitious materials. In common, the large scatter in measured
alues of thermal conductivity is developed by the contact resis-
ance between the test apparatus and the sample. Martias et al.
ook into account the contact resistance to measure the thermal
onductivities of gypsum composites [12]. Contact resistance is the
nterfacial thermal resistance between the specimen surface and
he heat flow meter as illustrated in Fig. 1 [13]. As shown in Table 1,
rushed cement pastes having rough surface characteristics show
ery different thermal conductivities compared to other samples
ecause of relative differences in their surface profiles. Because the
roportions between porosity and cement matrix play a strong role

n determining the density of hardened cement pastes, the identical
/c ratio provides similar density. In the present study, the density

f the samples with 0.4 w/c ratio is 2086 kg m−3, which is similar
o crushed cement pastes (2100 kg m−3). Furthermore, since other
ata listed in Table 1 has been obtained for hardened cement pastes
ith 0.4 w/c ratio, the thermal conductivities in Table 1 will be

omparable to the results measured by the present study.
The contact resistance is of relevance in almost all measurement
echniques, apart from non-contact methods such as the laser flash
ethod [14,15]. The hardened cement paste is a complex porous
aterial that contains both a persistent solid matrix and a void
space, of which the dimensional range is from nano-to-millimeters
in size [16]. The wide range of pore sizes in a hydrated cement
paste provides “inhomogeneous and complex” surface character-
istics. For dense cementitious materials, therefore, the effect of
contact resistance is severe as they present relatively high ther-
mal  conductivities compared to insulation materials and generally
rough, non-compliant surfaces. In the present study we present
evidence of the significant effect of contact resistance on thermal
conductivity measurement tests of cementitious materials. We  also
introduce a new computational method in which measured exper-
imental data are first compared with outputs from a mathematical
model of thermal conductivity in which the effect of contact resis-
tance has been explicitly included. Using this model, we then show
how the value of the contact resistance for the sample of material
being tested can be calculated to allow the thermal conductivity
and other thermal properties of the material to be described. An
extension of the new computational method has been developed to
enable the use of non-steady state (transient) data from the guarded
heat flow meter test to also determine the specific heat capacity
and thermal diffusivity. This is a meaningful departure from the
traditional steady-state only use of the guarded heat flow meter
test. Our proposed unified method for consistent, simultaneous
measurement of the thermal conductivity, specific heat capacity
and thermal diffusivity of cementitious (and other dense) mate-
rials significantly improves the utility of the guarded heat flow
meter method. With the “Guide to the Expression of Uncertainty
in Measurement” (GUM) [17], the expression of uncertainty pro-
vides a uniform basis for the comparison of experimental results
and methods. This guide was therefore used for the determina-
tion of the standard and relative uncertainties of measured thermal
properties.

2. Description of guarded heat flow meter apparatus

The guarded heat flow meter apparatus and guarded hot plate
are routinely used worldwide for testing thermal conductivity,
and many standard test methods are based on these apparatuses
[20–22]. The two  methods are similar in terms of mathematical
theory and apparatus configuration. Their difference is that the
guarded heat flow meter determines the density of heat flow rela-
tive to the reference material while the guarded hot plate is a direct
measurement of the generated heat flow. Furthermore, a modified
apparatus based on similar principles, the guarded parallel-plate
instrument, has also been used for the thermal conductivity of fluids
[23].

A more uniform surface profile can reduce the measurement
uncertainty of contact resistance. In order to generate the uniform
surface profile, the sample surfaces, however, need to be treated
advantage in terms of effort expended in sample preparation. The
guarded heat flow meter apparatus generates one-dimensional
heat flow through a test specimen that is firmly sandwiched
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Fig. 2. FOX-603 thermal conductivity test apparatus.

etween two  parallel plates maintained at constant but different
emperatures. The specimen is contained between the isother-

al  plates and the density of heat flow is measured by the heat
ow meters. It is important to confirm that the isothermal plates
each the desired temperatures by mounting thermocouples on the
sothermal plates. The FOX 600 series of thermal conductivity test

achines require no pre-test calibration. The apparatus, shown in
ig. 2, was used in the present study.

. Mathematical models

The operating principle of the guarded heat flow meter method
s to generate a unidirectional heat flow through the test specimen

hen a temperature difference is applied. The governing differ-
ntial equation is that of heat conduction in a one-dimensional
ontinuum in which it is assumed that the thermal conductivity
f the material is independent of temperature [24]. The total ther-
al  resistance, which is generated by the specimen and contact

urfaces, needs to be taken into account. The following model devel-
ped by Tleoubaev et al. explicitly includes the contact resistance
25,26]:

total = SE = �T

Rtotal
= �T

�x/� + 2Rcontact
(1)

here, qtotal is the measured density of heat flow, S is the calibration
onstant which is specific for the heat flow meter (W m−2 �V−1),

 is heat flow meters’ signal (�V), �T  is the temperature differ-
nce between isothermal plates, �x  is the specimen thickness, �
s the thermal conductivity, Rtotal is the total thermal resistance
o heat flow, and Rcontact is the contact resistance, assumed to be
dentical at each end of the specimen. With low thermal conductiv-
ty (�x/� � 2Rcontact), the reasonable estimates of heat flow can be
btained by ignoring the contact resistance. For cementitious mate-
ials, the ratio of the thermal contact resistance to the total thermal
esistance is much larger and the thermal contact resistance cannot
e neglected.

Tleoubaev et al. measured two samples of different thicknesses
o obtain two unknown values, which are the contact resistance
nd thermal conductivity [26]. However, identical specimens of
ementitious materials can have different contact resistances due
o their complex pore structure and surface characteristics, as well
s the method of production and preparation of the specimen sur-

aces in contact with the heat flow meter(s). This confirms that two
ata points are insufficient on their own to determine the thermal
onductivity of cementitous materials, and also that the surface
haracteristics have to be quantitatively controlled for the testing
 Acta 588 (2014) 1–10 3

of identical specimens with different thicknesses. In Section 4.2 we
will subsequently show how the surface characteristics of all spec-
imens can be quantitatively controlled. The analytical solution of
the temperature profiles is expressed as follows [27]:

T(x, t) =
(

�T

L
x + TL

)
+

∞∑
n=1

ˇn sin
(

n�x

L

)
e−(n�/L)2at (2)

where

ˇn = 2
L

∫ L

0

[
T0 −

(
�T

L
v + TL

)]
sin

(
n�v

L

)
dv

where, T is the temperature at location x and time t, ˇn are eigenval-
ues, a is the thermal diffusivity, 0 and L are the locations contacting
the isothermal plates and the sample, T0 is the initial temperature,
and TL and TH are respectively the low and high temperature on the
isothermal plates. The density of heat flow through the specimen
is obtained by differentiating Eq. (2):

qspecimen(x, t) = �
∂T

∂x

= �

{
�T

L
+

∞∑
n=1

ˇn
n�

L
cos

(
n�x

L

)
e−(n�/L)2at

}
(3)

However, this analytical solution does not describe the effect
of contact resistance on the density of heat flow measured by the
heat flow meter. In order to include the effect of contact resistance
and separate �x  in Eq. (1), a new expression for heat flow can be
presented as follows:

SE = �T

�x/� + 2Rcontact
→ 1

1/SE − 2Rcontact/�T
= �

�T

�x
(4)

As �x  approaches zero, the contact resistance can be related to Eq.
(3) as:

lim
�x→0

{
1

1/SE − 2Rcontact/�T

}

= lim
�x→0

(
�

�T

�x

)
→ 1

1/SE − 2Rcontact/�T
= �

∂T

∂x

∣∣∣∣
x=0

= qspecimen(0,  t) (5)

The theoretical solutions presented in Eqs. (3) and (5) can be
used to determine the thermal diffusivity and specific heat capacity
of the test sample when the temperature discontinuity at interfaces
tends to zero. The analytical solution for the cases of major temper-
ature discontinuity is presented in Appendix A. In Section 5 we  will
show how non-linear regression with non-steady state data can be
used to determine these thermal properties of the sample.

4. The experimental test method used

4.1. Materials tested and sample preparation method

All specimens were prepared using ASTM Type III Portland
cement, which is equivalent to ordinary Portland cement with
regard to chemical composition but has a higher fineness. ASTM
Type III was  chosen because of its much more rapid rate of hydra-
tion and more stable chemical composition compared to ASTM
Type I after 28 days [28]. Cement paste cylinders measuring
100 mm diameter × 200 mm height, were produced using 0.4 w/c

ratio and cured in water at 20 ◦C for 28 days before the tests.
The cylinders were cut to different thicknesses at 28 days, and
fully saturated specimens were used for the thermal tests. Dur-
ing the thermal tests, the circumferential surface boundaries of the
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pecimens were wrapped and sealed with polyethylene film, and
hen snuggly insulated using a pre-cut, pre-shaped rigid expanded
olystyrene insulation board (Jablite, UK) with measured thermal
onductivity of 0.031 W m−1 K−1.

.2. Test conditions

According to the theory of steady-state heat transfer outlined in
ection 3, the contact surface ‘smoothness’ of all of the specimens to
e tested is required to be identical. Many stereological parameters
ave been considered for surface characterization in the literature
29,30]. Among them, the three parameters commonly used are
rofile roughness ratio, surface roughness ratio, and fractal dimen-
ion [29]. For the sake of simplicity, since our aim is to maintain
imilar surface characteristics for the specimen-boundary in con-
act with the heat flow meter (as opposed to establishing their
bsolute surface characteristics), the profile roughness ratio, which
s the easiest and simplest parameter to quantify, was adopted
n the present study. For this purpose, the polishing process was
ontrolled to obtain similar profile roughnesses for all of the spec-
mens that were tested. The profile roughness was measured by
he microscopic method. In essence, the profile roughness ratios of
he contact boundary surfaces of all specimens were obtained by
ividing the length of the profile line (L) by the projected length of
he profile line (L0) [29]. The profile images for 10 representative
reas of each specimen were registered using a light microscope
t a magnification of 5×. The image analysis was carried out using
tandard functions from the MATLAB Image Processing Toolbox.
he ten profile roughness ratios of each specimen were averaged
nd the polishing process was controlled to keep the averages
ithin 1.10 ± 0.05.

The densities of all specimens were measured, and their values
anged within 2086 ± 41 kg/m3. All thermal tests were performed
sing LaserComp’s FOX 603 thermal conductivity test machine and
he data was collected using WinTherm32 and our control soft-
are algorithm. In the tests one of the machines isothermal plates

enerated the 20 ◦C temperature boundary and the other gener-
ted 10 ◦C, so the temperature difference between the two  plates
as maintained at 10 ◦C; ASTM C 518 [21] recommends that the

emperature difference across the specimens is not less than 10 ◦C.
pting for a larger temperature difference can lead to inaccura-
ies because the thermal conductivity and specific heat capacity
f materials will vary with temperature. The values obtained using
he guard heat flow meter method thus represent the effective ther-

al  coefficients that can be usefully applied within the range of the
oundary temperatures of the test. There are several certified refer-
nce materials, for example low density fiber blanket and expanded
olystyrene board, that can be used to determine the calibration
actor in Eq. (1) and that are presented by the National Institute
or Science and Technology (NIST) [31]. Since the FOX 603 comes
ith a database of the calibration factors issued by NIST, based on
igh density glass fiber board (SRM 1450b), these calibration factors
ere used in our calculations.

. Results and discussion

.1. Regression methods used to calculate thermal properties

.1.1. Stage-1 steady-state test to determine thermal conductivity
In order to determine the thermal conductivity using linear

egression, Eq. (1) must first be converted to its linearized form

s follows:

�T

SE
= 1

�
�x  + 2Rcontact (6)
Fig. 3. Scatter plot of the measured data (�T/SE) from steady-state heat flux tests
as  a function of specimen thickness, and the linear regression line plotted over the
source data.

The scatter plot of �T/SE against specimen thickness is shown
in Fig. 3 and the solid line is the linear regression line obtained
from test measurement data. The slope (1/�) is 0.78 m K W−1,
corresponding to a thermal conductivity � = 1.28 W m−1 K−1. Fur-
thermore, the contact resistance is 0.038 m2 K W−1, which is
obtained by halving the value of the y-intercept (2Rcontact) in Fig. 3.
The significant effect of the contact resistance, when trying to mea-
sure the thermal conductivity of cementitious materials, is strongly
supported by the linear regression result in Fig. 3, where the solid
regression line is a tight fit with the measured data points.

Some practical considerations include ensuring that output sat-
uration never occurs in the heat flow meter, as this would otherwise
limit its capacity to register higher levels of heat flow; minimum
specimen thickness is thus defined by the need to avoid saturation
of the heat flow meter. The heat flow meters in the Fox 603 machine
are capable of detecting up to 20,000 �V, which suggests that at
the thermal conductivities measured and a 10 ◦C temperature dif-
ference, the thinnest specimen that can be used is theoretically
10 mm thick. This is because the density of heat flow under steady-
state conditions increases with the thinner specimen. Conversely,
thicker specimens make it more difficult to prevent perimeter
(radial) heat loss through the insulation that surrounds the spec-
imen, due to higher surface area. For this reason, an appropriate
range of specimen thicknesses for thermal conductivity testing
must be chosen based on the instrument capacity and temperature
boundary conditions.

5.1.2. Stage-2 non steady-state test to determine other thermal
properties

Once the thermal conductivity and contact resistance are
known, Eqs. (3) and (5) can be used to derive the thermal diffusiv-
ity and specific heat capacity using a non-steady-state test method.
The following expression can be derived from Eqs. (3) and (5):

qspecimen = 1
1/SE − 2Rcontact/�T

= �

{
�T

L
+

∞∑
n=1

ˇn
n�

L
cos

(
n�x

L

)
e−(n�/L)2at

}
(7)

To facilitate non-linear regression analysis, the infinite summa-

tion of Eq. (7) must be dealt with in approximate form. Since most
insulation materials have lower thermal conductivity than hard-
ened cement paste, the first-order term of the analytical solution
is more dominant with thinner samples [32,33]. Since insulation
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ig. 4. Theoretical density of heat flow of the benchmark problem as a function of tim

aterials possess very low thermal conductivities, 20–30 mm spec-
men thicknesses are not only enough to measure their thermal
roperties, but also their contact resistance is negligible due to the
igh value of the reciprocal of the thermal conductivity in Eq. (1).
owever, for cementitious materials it is necessary to reconsider

he approximation for the summation of whether the first-order
erm is sufficient to determine the thermal properties from a
on-steady-state test. In order to evaluate this approximation, a
enchmark problem was solved with the thermal conductivity
btained above and a typical representative value of thermal diffu-
ivity (5 × 10−7 m2 s−1) for the hydrated cement paste. The results
rom the benchmark solution are shown in the form of heat flow
rofiles in Fig. 4. The plots in this figure show the evolution of
eat flow over time for the 30 mm and 100 mm thick cement paste
pecimens that were tested. While for the 30 mm thick specimen
n Fig. 4(a) the first-order term dominates over the sum of the

emaining terms as heat flow magnitude rapidly approaches the
teady state regime, the 100 mm thick sample in Fig. 4(b) requires
igher-order terms to be included in order to closely approxi-
ate the exact solution. Therefore, for the 100 mm thick hydrated
ved with different order terms: (a) 30 mm and (b) 100 mm thickness test specimens.

cement paste sample it is necessary to sum up to the fifth-order
term in order to approximate the high level of accuracy achieved for
the 30 mm case. Although the significance of each term in the equa-
tion is reduced, the accuracy to converge to exact values of the heat
flow increases with the addition of higher-order terms. As a conse-
quence, calculations of the heat flow equation were added up to the
fifth-order terms of Eq. (7) in the present study, to ensure compa-
rable high accuracy of the non-linear regression results obtained.

Fig. 5 shows a typical signal of the heat flow meter during the
very early test period. The analytical solution in Fig. 4 shows the
reduction in the heat flow over time. However, Fig. 5 shows the
increase in the heat flow over a 150 s interval. This is because of the
time lag that occurs as heat travels between the heat source and
the active heat flow meter, with transient storage of the bulk of
this heat (at least initially) occurring in the mass of material form-
ing the sample and equipment. In practice, the actual start-point

is arbitrary, since only the relative time is required for non-linear
regression. The upper plot in Fig. 6 (upper) shows typical signal data
from the heat flow meter when the heat flow reaches the measur-
able range. Heat flow fluctuations exist and are an artifact of the way
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Fig. 5. A typical heat flow meter output s

hat the heating/cooling elements in the FOX 603 test machine are
egulated; in one sense they are analogous to fluid flow fluctuations
lose to a wall [34]. Accordingly, the general tendency of the heat
ow is more important than its local tendency. Non-linear regres-
ion analysis of the signal data calls for use of the Newton–Raphson
ethod, and depending on the size of dataset obtained this could

onsume significant computational resources: i.e., CPU, time, and
emory.
When 100 data points are randomly sampled at 6 min  intervals,

he size of the dataset can be reduced as shown in Fig. 6 (lower) to
ake the problem manageable. The variation in mean value when

his was compared against the full dataset was less than 10 �V,
hich suggests that the general trend had been preserved. 700 data
oints, captured 42 min  after the start of the measurement, were
sed for the non-linear regression results reported in the present
tudy.

The basic form of the non-linear regression model is:

specimen,i = 1
1/SQ − 2Rcontact/�T

= f (ti, {�}) + εi (8)

here, f(ti,{�}) is the non-linear response function, {�} are the

arameters released in the regression computation, and εi is the
esidual term. The contact resistance of an individual specimen
s recalculated from the mean value of the thermal conductiv-
ty obtained from the Stage-1 steady-state tests using Eq. (1).
he response function, which is independent of test start time

Fig. 6. Comparison of the real-time (upper) versus randoml
detected during the first 300 s of testing.

and can be used to evaluate the thermal diffusivity, is obtained
from:

f (ti, {�}) = �

[
�T

L
+

∞∑
n=1

ˇn
n�

L
cos

( n�x

L

)
exp

{
−
( n�

L

)2
�0(ti + �1)

}]
(9)

where, �0 corresponds to the thermal diffusivity, and �1 is the
time lag. Once the initial starting values for the parameters have
been assigned and assuming the residuals follow a normal dis-
tribution, the parameters are numerically computed using the
Newton–Raphson method:

{�}n+1 = {�}n −

[
∂

2
(∑

i
εi

2
)

∂{�}2

∣∣∣∣∣
{�}={�}n

]−1

·

[
∂
(∑

i
εi

2
)

∂{�}

∣∣∣∣∣
{�}={�}n

]
(10)

where, {�} is a vector of �0 and �1, and εi is ith component of
residuals. In the present study, these computations were done
using a computer program that was  developed using MATLAB.
The non-linear regression model (10) and our response func-
tion (9) were successfully applied to the non-steady state data
sets. Fig. 7 compares the heat flows through the specimen versus
time between the non-linear regression and experimental data.
As shown in Fig. 7(a), the density of heat flow for the 35.8 mm
specimen rapidly approaches steady state, so that the first-order

term correctly describes the experimental measurements. In con-
trast, the 88.5 mm specimen in Fig. 7(b) slowly approaches steady
state, resulting in a mis-match between the first-order term and
the experiment during the non-steady-state period. The 35.8 mm

y selected (lower) data from non-steady-state testing.
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ig. 7. Comparative plots of experimental data versus non-linear regression resul
ormal distribution: (a) 35.8 mm and (b) 88.5 mm thick specimens.

hick specimen shows the expected rapid reduction in the den-
ity of heat flow in the non-steady-state and the fluctuation of
ts signal data is higher than that of the 88.5 mm specimen.
his suggests that cementitious materials require a specimen
hickness of between 50 and 100 mm and use of the higher-
rder terms of the analytical solution to calculate their thermal
roperties.

.2. Statistical assessment

In order to validate the normal distribution, the most common

ethod is quantile–quantile plot (or Q–Q plot) evaluation. Normal

heoretical quantiles are theoretical points of the cumulative nor-
al  distribution corresponding to each data point. The basic idea

f the Q–Q plot is to compare the cumulative probability of the
ained using up to fifth-order terms with an assumption that residuals follow the

measured data against that of the assumed distribution, so that, if
the points in a Q–Q plot lie roughly on a diagonal line, the assump-
tion is accepted. We  first tested the residuals obtained from the
non-steady-state test of the 35.8 mm and 88.5 mm specimens in
Fig. 8(a) and (b). As the results show, the residuals are characterized
by heavy tails in the Q–Q plot, although we see a linear tendency
between −1 and 1 theoretical quantiles. Some insight into the rea-
son of the heavy tails is provided from the data in Fig. 7 where
part of the (theoretical) solid line is not always well matched to the
measured data points. The heavy tails are associated with these
early-stage fluctuations, which in turn lead to large residuals. As

shown in Fig. 7, these fluctuations mostly occur at an early stage of
the non-steady-state test. For this reason, the measured data before
500 s was excluded and the resulting Q–Q plots are reproduced in
Fig. 8(c) and (d).
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Table 3
Standard and relative uncertainties of thermal properties.

Thermal property Probability
distribution

Standard
uncertainty

Relative
uncertainty (%)

Thermal
conductivity

Normal 0.10
(W m−1 K−1)

7.7

Thermal diffusivity Normal 0.39
(10−7 m2 s−1)

8.2

Volume specific
heat capacity

Normal 237.3
(kJ m−3 K−1)

8.8

Specific heat Normal 0.11 8.9
ig. 8. Q–Q plot analysis of residuals: total residuals of (a) 35.8 mm and (b) 88.5 mm 

nd  (d) 88.5 mm samples.

These Q–Q plots provide a strong indication that the residuals
f the regression analysis follow a normal distribution. The intrin-
ic thermal mass of the test equipment and how it interacts with
he test specimen, laboratory environment and even the people
arrying out the test could be a contributing factor for the insta-
ility of the heat flow meter readings during the initial period of
esting. Accurate values of thermal properties can thus be derived
rom data that excludes measurements taken during the very early
eriod of testing. The derived thermal diffusivities and heat capac-

ties are listed in Table 2. It is important to note that these values

re only applicable within the test temperature range. There is no
ependence between thermophyscial properties and the length of
he sample. However, the length of the sample affects perimeter

able 2
hermal properties of hardened cement pastes with 0.4 w/c  ratio derived from non-
inear regression.

Length (mm)  Thermal
diffusivity
(10−7 m2 s−1)

Volumetric
specific heat
capacity
(kJ m−3 K)

Specific heat
capacity
(kJ kg−1 K−1)

35.8 4.83 2651.5 1.25
63.6  4.66 2747.3 1.30
88.5  4.82 2657.5 1.28
capacity (kJ kg−1 K−1)

heat loss through the insulation surrounding the samples as well
as thermal radiation even though the guarded heat flow meter
measurement assumes unidirectional heat flow and no thermal
radiation. According to the ISO guide [2], the standard and relative
uncertainties of the measured thermal properties were determined
with 95% level of confidence interval and a normal distribution. The
contributory sources of uncertainty for the guarded heat flow meter
measurement are thus the thickness of samples, temperature dif-

ference, and heat flow meter. Table 3 gives a summary of the results
of this analysis. Overall, the relative uncertainties were estimated
between 7.7 and 8.9%.
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. Conclusions

Thermal conductivity, thermal diffusivity, volumetric specific
eat capacity, and specific heat capacity of hardened cement
aste were determined experimentally by the guarded heat flow
eter method. The combination of multiple steady state data and

inear regression enable to measure and evaluate the thermal con-
uctivity and contact resistance of the hydrated cement paste.
urthermore, a new methodology that combines non-steady-state
esting and non-linear regression analysis was proposed to esti-

ate thermal diffusivity, volumetric specific heat capacity, and
pecific heat capacity simultaneously. From statistical analysis of
he residuals obtained from non-linear regression, the research
uggests that part of the non-steady state data captured during the
arly stage of testing needs to be excluded, to eliminate inertial
nd secondary effects. A thin sample (35.8 mm)  shows higher ini-
ial fluctuations in the heat flow signal than a thicker (88.5 mm)
ample when using the non-steady-state test method. Since the
eat flow meter in reality measures an electrical signal, the dra-
atic reduction in the density of heat flow can generate electrical

ignal fluctuations. This is attributed to the more rapid approach to
teady state of the thin sample, and suggests that there is a range
f ‘proper’ sample thicknesses when carrying out unsteady-state
ests of between 50–100 mm for hydrated cement pastes and sim-
lar materials. The relative uncertainties, based on ISO guidelines,

ere comparable to those obtained from ceramics using the laser
ash method, which is a non-contact method.
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ppendix A.

The temperature function is divided into two parts as:

(x, t) = u(x, t) + w(x)

here, w(x) is independent from time values, and it can be
xpressed as follows due to boundary conditions:

(x) = �T

L2/� + 2LRcontact

We  obtain the series solution for u(x,t) by performing sepa-
ation of variables as considering as a non-homogeneous partial
ifferential equation:

(x, t) =
∞∑

n=1

{
ˇn cos(ˇnx) + 1

�Rcontact
sin(ˇnx)

}
Tn(t) in x ∈ (0,  L)

The eigenvalues ˇn is referred as the Sturm–Liouville problem
nd satisfy the functional relationship:

an(Lˇn) = 2�Rcontactˇn

(�Rcontactˇn)2 − 1
The non-homogeneous equation is expressed as:

n(t) = e−ˇ2
nat

{
Tn(0) + gn

∫ t

0

eˇ2
napdp

} [

[

 Acta 588 (2014) 1–10 9

Tn(0) and gn are determined to satisfy the initial condition as
follows:

Tn(0) =
∫ L

0
(T0−w(x))Xn(x)dx∫ L

0
Xn(x)2dx

and gn = a
∫ L

0
∂2

∂x2 w(x)Xn(x)dx∫ L

0
Xn(x)2dx

where,

Xn(x) = ˇncos(ˇnx) + (1/�Rcontact)sin(ˇnx)
This solution can be applied to non-linear regression for the

cases that an apparatus provides larger contact resistance and sig-
nificant temperature discontinuity.
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