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a b s t r a c t

Information about the thermal conductivity of sprayed concrete is useful for calibration exercises using
sprayed panels, where heat flows need to be estimated, and future enhancements to the method to
include estimates of concrete temperature across the thickness of the lining. However, the necessary
information about thermal conductivity of sprayed concrete is rare, and no information about the early
age thermal conductivity of sprayed concrete has been found. The thermal conductivity of sprayed
concrete aging from five hours after casting to 20 days was continuously measured by a transient
method. Thermal conductivity was found to be higher than expected at early age and decreased to the
mature value as the concrete cured. Based on these results it is hypothesized that early age thermal
conductivity is mainly influenced by free water content, while at a mature stage the key determinants
are the structural features of the cement matrix. Thermal conductivity is discovered to have an exponen-
tial relationship with density, regardless of mix constituents. A convenient numerical approach is
proposed to estimate thermal conductivity for concretes and its accuracy has been verified by data from
tests on a wide range of concretes with density ranging from 0.2 g/cm3 to 2.5 g/cm3.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction

The new method of strength monitoring using thermal imaging,
known as SMUTI, provides a system that measures the surface
temperature of the sprayed concrete tunnel lining to assess the
curing of concrete [1]. The temperature history is then used to cal-
culate compressive strength using an Arrhenius equation-based
time-stepping algorithm [2]. This technique will especially benefit
sprayed concrete tunnel construction since it will improve work
efficiency and safety by reducing the need for a large amount of
in situ testing, removing the need to access the face area of the tun-
nel, and by providing the compressive strength of the whole tunnel
lining and not just discrete areas.
Although not essential to SMUTI, information about the thermal
conductivity of sprayed concrete is useful for calibration exercises
using sprayed panels, where heat flows need to be estimated, and
future enhancements to the method to include estimates of con-
crete temperature across the thickness of the lining. However,
the necessary information about thermal conductivity of sprayed
concrete is rare, and no information about the early age thermal
conductivity of sprayed concrete has been found. Thus, the aim
of this paper is: (1) to prepare concrete identical with the one used
in practice; (2) experimentally determine the effective thermal
conductivity (ETC) of sprayed concrete; (3) establish a numerical
model for evaluating ETC of concrete; (4) validate the numerical
model with experimental results; (5) evaluate the effect of steel-
fiber reinforcement on ETC.
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Table 1
Thermal conductivity of common concrete materials at 25 �C [12].

Materials Thermal conductivity (W/(m �C))

Gravels 0.7
Granite 1.73–3.98
Limestone 1.26–1.33
Sand (moist) 0.25–2
Sandstone 1.7
Water 0.58
Air 0.026
Portland cement powder 0.29
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1.1. Sprayed concrete

Sprayed concrete can be traced back to 1911 when it was
known as ‘‘gunite” [3]. It is pneumatically projected through a noz-
zle where a chemical accelerator is added [4]. In this way layers
may be built up to form a tunnel lining. Sprayed concrete has a dif-
ferent mix design compared to conventional in situ poured con-
crete. Fine particles (fine aggregate and cement) are dominant in
the mix, cement content is between 400 and 450 kg/m3, and often
silica fume is added. The fraction of coarse aggregates greater than
4 mm, usually with a maximum size of 8–10 mm, is only approxi-
mately one quarter of the mass of sand (<4 mm), which is the
opposite of what is normal for conventional concrete. Thus, a
higher pump-ability and workability is achieved with very little
segregation or bleeding. Chemicals are used to control hydration
of cement (retarders and alkali-free accelerators) or adjust water
content (superplasticisers). Sometimes pozzolanic or/and latent
hydraulic binding material is added to improve certain properties
in the plastic and/or hardened state, and steel reinforcement (wire
mesh, bars or fibers) is used to increase the flexural strength and
control cracking. Today, sprayed concrete is widely used in under-
ground construction, requiring a fast setting and adequate early-
age compressive strength to provide structural support.

In tunnel construction, the development of the early age com-
pressive strength of sprayed concrete is critical not only because
of its structural function and the need to support the ground before
continuing excavation, but also for protection of the workers from
falling ground or indeed falling sprayed concrete. However, the
currently recommended strength testing methods, which are pen-
etration needle tests and stud driving method [5], have their inher-
ent defects: difficult and time-consuming operation, small
examined areas and scattered data. Usually early age strength tests
are performed on a panel sprayed at the same time as the tunnel
lining. In order to test the actual tunnel lining, the engineer would
have to be exposed to the risk of falling ground or shotcrete, and
may need special plant or scaffolding for access.

Estimation methods of early-age compressive strength have
been proposed, such as maturity methods based on the principle
that concrete strength is directly related to both age and evolution
of temperature in time, i.e. a relationship between the evolution of
temperature and age and the strength development is mathemat-
ically established. But surface or embedded temperature measure-
ment using thermocouples or other devices would be difficult in a
sprayed concrete lining, and would not remove the safety risks
related to access or the drawbacks associated with testing discrete
locations. Using a thermal imaging camera enables the engineer to
remotely scan the whole sprayed concrete lining from a position of
safety, without interfering with plant movements necessary for
continuous production.

1.2. Thermal conductivity of concrete

ETC varies depending on the concrete mix, and it also varies
with age. Cement hydration [6,7], which is responsible for convert-
ing a concrete from a fluid to a rigid, load-bearing and durable solid
element, alters the volume fractions and spatial arrangement of
solids, liquid, and gases within the concrete during hydration and
aging. Thus, thermal conductivity at early age differs from one at
mature age. For mature concrete ETC has been widely investigated,
generally ranging between 1 and 2.5 W/(m �C) [7]. It can reach
even lower values, such as 0.1 W/(m �C), for air-rich concrete [7,8].

The fraction and types of each component material, coupled
with ambient conditions, all have been considered as factors affect-
ing ETC [6,7,9,10]. According to research conducted by the Bureau
of Reclamation, US Department of the Interior, the type of coarse
aggregate is the most important factor [4]. They experimentally
investigated the effect of these constituents on ETC for conven-
tional concretes andmortars and found that the types and fractions
of aggregates affected the thermal conductivity more than other
constituents. The importance of aggregate was corroborated by
Kim et al. [11]. ETC of individual common concrete constituent
materials is known alone, selected one of which has been shown
in Table 1.

Water/cement (w/c) ratio, curing temperature, and other fac-
tors have been observed influencing ETC of concretes to different
extents. Increasing the w/c ratio decreases the ultimate ETC of con-
crete as it increases the volume of micropores and subsequently
adds to the resistance to heat flow [3,6,13,14]. Ukrainczyk &
Matusinović studied the influence of temperature on thermal
properties and found the ETC of cement pastes increasing with
curing temperature rising from 20 �C to 80 �C [15]. The Hashin-
Shtrikman boundary conditions and a simple law of mixtures
was successfully applied in their work for estimating thermal
properties. The work done by Demirboga showed a reduction of
ETC caused by addition of mineral admixtures [16].

Reinforcement by steel fibers has been observed to not only
enable a notable impact on concrete strength, toughness and
resistance to cracking and spalling [14–19], but also has an influ-
ence on the thermal properties of concretes. To a concrete having
perlite as main coarse aggregate, the addition of 1.75% mass of
wavy steel fibers has been observed to increase the thermal con-
ductivity of concrete by 31.2% [17]. But not all previous studies
have observed the same effect; this will be discussed in detail later.

Although many studies have been conducted for conventional
concrete, not much is known about the thermal properties of
sprayed concrete. Assuming its ETC is the same as for conventional
concrete is not a safe assumption because its different composition
may have a significant effect on ETC.

Studies measuring ETC of hydrating cement pastes presented
changing thermal conductivity with time at early hydration ages
and showed some dependency on hydration rate [4,10,11,18]. A
cement paste hydrated at the fastest rate and reaching the highest
peak temperature had a higher thermal conductivity than that of a
fresh cement paste by about 40% and hardened paste by about 30%.
The hardened paste had a reaction degree of 55%. In some works,
during the first 10 h the ETC of cement pastes increased and then
dropped consistently during the following 20 h [14,20]. The biggest
drop of 0.5 W/(m �C) occurred with CEM I paste. These results
imply that concrete may have a changing thermal conductivity at
early age and this may be accentuated in sprayed concrete, which
tends to have a higher volume fraction of cement paste than
conventional concrete.
2. Thermal conductivity assessment approaches

Thermal conductivity for concretes can be measured directly by
generating a controlled heat flow through the tested material in a
prescribed direction, to ensure that the boundary conditions agree
with theoretical technical assumptions. The current most popular
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direct experimental measurement methods in use are based on
two principles: steady-state and transient state.
2.1. Steady state

Steady state measurement follows from the definition of ther-
mal conductivity. Heat flow is generated within a tested material
by heating one of its surfaces using a controllable heater. A temper-
ature gradient can be obtained by measuring the surface tempera-
tures of the two faces of the test sample as shown in Fig. 1. A
reference material with known ETC is placed in series with the
sample and the temperature difference across its ends is used in
the calculation. An axial temperature gradient is established
through the stack as heat flows from the upper surface through
the test sample to a heat sink. When it reaches thermal equilib-
rium, the temperature difference across the sample is measured
along with output from the heat flux transducer shown in Fig. 1.
These values and the pre-measured sample thickness are used to
calculate ETC. When the ETC of the transducer material, kt, is
known, then the thermal conductivity, k, can be obtained using
Eq. (1).

k ¼ kt � ðT2 � T3Þ � L
A � ðT1 � T2Þ ð1Þ

where L is the transmitted thickness; A is the area in a direction
normal to the heated surface; T1, T2 and T3 are measured surface
temperatures as shown in Fig. 1.

The accuracy of this method depends on whether the test
sample is subjected to any external thermal influence, i.e. the test
material changing its temperature with time without the action
of the heater. However, this cannot be easily satisfied when
measuring the thermal conductivity of a hydrating concrete or
mortar, especially at their early hydration age when the hydration
is exothermic. Moreover, if the test sample is moisturized; a non-
uniformmoisture distribution is very likely to be caused by temper-
ature difference across the sample. The significance of this influence
depends on sample size and the magnitude of the applied temper-
ature difference.
2.2. Transient method

The transient measurement method works by heating samples
on a small area of their surface. The heater is a metal sensor which
also acts as a temperature detector. An advance of the transient
measurement over the steady-state method is that the equilibrium
state is unnecessary here. Instead of obtaining a stable value, vary-
ing signals are recorded as a function of time. Thus, a major advan-
tage of this technique over the steady-state one is high efficiency.
Two prevailing ready-to-use transient measurement techniques
are hot wire measurement and hot disk measurement.
Fig. 1. Schematic set-up for a steady-state thermal conductivity measurement
system.
2.2.1. Hot wire method
The conventional hot wire method is a transient dynamic tech-

nique based on the measurement of the temperature rise of a thin
and straight heat-generating metallic wire (length/radius ratio
�200) embedded in the test material [19,21]. Heat is generated
in the wire by passing a constant current through it. When the test
sample and wire are at an identical and constant temperature, the
temperature rise is measured by a thermocouple and recorded
with respect to time during a short heating interval. The ETC of
the sample can be calculated from the time-temperature profile
as well as the power input by using Eq. (2).

k ¼ Q � ln ðt2=t1Þ
4p � ðT2 � T1Þ ð2Þ

where T1 and T2 are temperatures at times t1 and t2, Q is the heat
flow per unit time, per unit length of the heating wire.

The hot wire method has been widely used for measuring ETC
for porous and highly porous materials and some derivative ver-
sions have been created for particular measurement requirements
[9,22–25].

2.2.2. Hot disk method
Hot wire methods are especially suitable for measuring ETC in

loose samples, while the ETC of consolidated samples is easier to
measure by using hot disk methods. Though they are based on
the same principle, there is no ready-to-use equipment for the
application of hot wire method. Thus, if it is adopted, then a new
appliance and a calibration system must be established, which
may take much effort to tune it to an adequate degree of accuracy.
On the other hand, the hot disk method truly realizes the advan-
tages of the transient plane principle, i.e. rapid and accurate
thermal property measurement, which has earned it widespread
popularity [26].

Its development began with a non-steady-state method which
measured the ETC of a transparent liquid, created by Gustafsson
in 1967 [27]. In his work, a thin rectangular metallic foil suspended
in the liquid sample was heated by a constant electric current. The
temperature distribution around the foil was measured optically as
a function of time. From this result, both thermal diffusivity and
thermal conductivity of the liquid could be calculated. The
advanced hot disk method developed the foil to a flat disk sensor
made of a double spiral of electrically conducting nickel wire
etched out of a thin foil [28–30]. The wire is 10 lm in thickness.
Such a sensor design has two main advantages over the foil sensor.
The first is that the wires have much higher resistance than that of
the strip, which means that the temperature measurement by
measuring the sensor resistance can be performed with higher
sensitivity and accuracy [27]. The other advantage is that a much
more compact sample can be studied without violating the sample
size requirement [27]. This is because in the hot strip method,
theoretical analysis assumes that the strip is infinitely long. In
practice, it is often required that the length to width ratio is 20:1.

The nickel spiral is situated between two layers of thin
polyamide film, Kapton, which provides electrical insulation and
Fig. 2. An example of a flat nickel sensor for hot disk measurement [32].
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mechanical stability to the sensor. An example of a proprietary
nickel sensor is shown in Fig. 2. A special mathematical computa-
tion correlating the thermal conductivity with electronics enable
this method to be utilized for obtaining the thermal properties of
test materials. It can measure any ETC in the range of 0.01–
500W/(m �C).

During the test, a constant electrical current is passed through
the conducting spiral, increasing the sensor temperature and sub-
sequently heating up the adjacent test material. During the mea-
surement, the resistance of the sensor will be recorded as a
function of time, and then the recorded resistance data will be
transformed into temperature changes of the sensor with time. A
mathematical expression has been established to relate the aver-
age temperature increase at the sensor surface to the sensor con-
figuration, the output power, and the thermal properties of
surrounding materials. Through this expression and the obtained
temperature increase of the sensor surface, the thermal properties
of the test materials can be calculated. The expression was pub-
lished in 1990 by Gustafsson, and the mathematical analysis has
been extensively reviewed by He more recently [27,31]. Some of
the mathematical expressions and analyses are briefly given
herein. The temperature changes with time during the test can
be worked out by the time-dependent resistance of the sensor
according to Eq. (3):

RðtÞ ¼ R0½1þ aDTðtÞ� ð3Þ

where R0 (�5X at room temperature [22]) is the resistance of the
sensor element before the transient recording has been initiated;
a (�4.0 � 10�3 K�1 at room temperature �298 K [26]) is the tem-
perature coefficient of resistance for the element, and DT(t) is the
time-dependent temperature increase of the element.

In other words, the temperature increment DT(t) is associated
with the power output of the sensor (Po), the design parameters
of the sensor, and the thermal transport properties of the sur-
rounding sample. For a disk-shaped sensor, the relationship can
be expressed as shown in Eq. (4) [31]:

DTðsÞ ¼ ½P0=ðp3=2akÞ � 1�DðsÞ ð4Þ

where k is the ETC of tested material, a is the radius of the sensor;
and D(s) is the theoretical expression of the time-dependent tem-
perature increase which describes the conducting pattern of the
sensor. Po is the power output of the hot disk sensor. The symbol,
s, is a non-dimensional variable created for the sake of simplicity
to describe the mean temperature change of the sensor.

The relationship between t and s is known to be s = (rt/a2)1/2.
The r is a known factor, which is the thermal diffusivity of the
material. Therefore the temperature change DT(t) can be plotted
as a function of D(s), and is expected to be a straight line. The slope
of the line is Po/(p3/2ak) and so the ETC of k can be calculated.

Although the mathematical data analysis of the hot disk method
is much more complicated than that of other techniques, it is all
done automatically by built-in software. The operator only needs
to ensure that the sample has been properly prepared for the test,
that the sensor has been placed at a proper position on the sample,
and that suitable parameters have been input to the running soft-
ware. The computer-control operation eradicates most of the
instrumental errors by the automatic initiation of the system by
removing any systematic temperature drift surrounding the sensor
and correcting the temperature response time of the sample.

Therefore, compared to other techniques, the hot disk method is
rapid and less likely to produce non-uniform moisture distribution
in wet samples. The flat sensor means that this technique can sub-
stantially reduce the contact resistance between the sample and
the sensor. The running time of the measurement is short and con-
trollable. Another advantage of the hot-disk measurement tech-
nique is that its measurement flexibility allows the measurement
to be easily switched between different surfaces of the sample
when needed. Moreover, the influence of moisture content, poros-
ity and density on the thermal conductivity of concrete indicates
that the hydration of cement at the expense of water is very likely
to induce a changing thermal conductivity with time at early age.
Thus, the hot disk measurement technique is the most accurate
and flexible technique available for monitoring this variation
because of its fast, flexible and effective operation.

2.3. Mathematical estimation methods

Many diverse mathematical approaches are proposed for
obtaining ETC. For instance, in Xu & Chung [23], thermal diffusivity,
a, for concrete was measured using a laser flash method, a differ-
ential scanning calorimeter was used to measure specific heat,
and the specific heat capacity was obtained by a differential scan-
ning calorimeter. Subsequently, the ETC of a substance was calcu-
lated through the correlation of thermal conductivity with the
thermal diffusivity, specific heat capacity, Cp, and density, q,
according to the correlation between them as shown in Eq. (5).

a ¼ k=q � Cp ð5Þ
Kim et al. established an empirical relationship for thermal con-

ductivity as a function of aggregate volume fraction, fine aggregate
fraction, w/c ratio, temperature, and moisture content, as shown in
Eq. (6) [11]. All coefficients were determined from individual
experimental tests which were designed to analyze the influence
of each of the prescribed factors on the thermal conductivity. Thus,
this relationship is only suitable for mature concrete composed of
similar materials to those used in the study.

kc ¼ kref ½0:293þ 1:01AG�½0:8ð1:62� 1:54ðW=CÞÞ þ 0:2Rh�
� ½1:05� 0:0025T�½0:86þ 0:0036ðS=AÞ� ð6Þ

where kc denotes ETC of concrete, kref is a referenced ETC mea-
sured from specimens at a condition of AG = 0.70, w/c = 0.4, S/
A = 0.4, T = 20 �C, and Rh = 1.0, AG is the volume fraction of coarse
aggregate, S/A is the volume ratio of sand and Rh represents the
moisture conditions.

Some of the proposed numerical models for thermal conductiv-
ity of multiphase materials may have the potential to be applied to
concretes [33–35]. These models take account of various parame-
ters, such as ETC of each constituent phase and individual volume
contents, porosity of the material, the shape, the orientation and
the distribution of solid particles, and the contact resistance
between particles.

A theoretical expression for predicting ETC of highly porous
two-phase systems has previously been developed [24]. The
porous system was assumed to contain particles of irregular shape
dispersed randomly throughout the continuous medium and indi-
vidual average temperature fields within each phase were used.

The application of most numerical methods are limited either
by a requirement for experiments to obtain the parameters for cal-
culation or they are limited to application to similar concretes to
the ones the methods have been developed for.

3. Experiments

3.1. Sampling

Concrete cubes of different dimensions were cast from the same
batch of concrete. The measurement of thermal conductivity was
conducted on two kinds of cubes at the size of 150 mm �
150 mm � 150 mm, one of which contained steel fibers (SFRC)
and the other did not (NSFRC). Another 14 cubes at



Fig. 3. Density of the SFRC and NSFRC cubes aged from five hours to 20 days.

Fig. 4. Thermal conductivity of sprayed concrete aged from five hours to 20 days
(SFRC: steel fiber-reinforced sprayed concrete; NSFRC: non-steel reinforced sprayed
concrete).
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100 mm � 100 mm � 100 mm with the same materials and frac-
tions but without steel fibers were cast for compressive strength
tests, hydration degree tests and density measurement (the results
of the former two tests will be presented in another work). The
components of the concrete mix are shown in Table 2. All materials
were mixed by a vertical mixer and compacted by a vibrating table.
The cubes were cured in a waterbath which has been set to 25 �C.
The cubes were demoulded at five hours and the measurement fol-
lowed subsequently.

3.2. Density

As a measure of the compactness of concretes, density directly
influences most physical and mechanical properties of concrete.
The volume of specimens was obtained from their regular geomet-
ric shapes and a balance scale with 0.01 g accuracy measured mass,
and then density was calculated from the mass and dimensions.

Furthermore, NSFRC at 20 days was weighed after it had been
oven-dried at 80 �C until a constant mass for the later mathemat-
ical estimation of its ETC.

3.3. Thermal conductivity measurement

A TPS 2500 S thermal constants analyzer was used to measure
ETC of the prepared specimens. The sensor, 29.4 mm (u) �
0.23 mm (d), was used. During the test, one of its sides was in
contact with sample surface by being placed in the middle of the
polished casting surface and the other side was thermally insulated
by a 3 cm–thick polystyrene foam board. The running time and
running power, which are required to run a test with the equip-
ment, were set to 0.64 ks and 1W.

3.4. Hydration degree measurement

Several segments from crushed cubes were ground into fine
powder, and then sieved through a 0.075 mm mesh to get rid of
aggregate particles. The residual cement powder was heated at
60 �C to evaporate free water inside until the powder weight
became constant. The weight was recorded as m1. Subsequently,
the powder was heated at 950 �C to decompose hydrated com-
pounds and evaporate the produced moisture until a constant
weight which must be recorded as m2. The same procedure was
repeated for the anhydrous cement which has been used for
concrete, and then two weights were obtained mc1 and mc2 for
anhydrous cement. According to Eqs. (7) and (8), hydration degrees
can be calculated for each sample.

nc ¼
mc1 �mc2

mc2
ð7Þ

n ¼ ðm2 �m1Þ � ð100� ncÞ
m2

� nc ð8Þ
Table 2
The components of the concrete mix.

NSFRC SFRC Unit

Granite (>0.075 mm & <20 mm) 315 315 kg/m3

Sand (>0.75 mm & <20 mm) 1255 1255 kg/m3

CEM I 450 450 kg/m3

Micro silica fume 50 50 kg/m3

Steel fiber (35 mm � 1.0 ± 0.03 mm) 30 kg/m3

Water 211.5 211.5 kg/m3

Superplasticizer 3.6 3.6 kg/m3

w/c ratio 0.47 0.47
4. Results and discussion

4.1. Density

The density of specimens at ages from five hours to 20 days has
been calculated from their mass and dimensions. The SFRC has a
mean density of 2287.4 g/cm3 and the mean density of the
specimens without reinforcement (NSFRC) is 2275.1 g/cm3. The
deviation between the values is less than 1%, so it can be consid-
ered that the density for both of samples was almost constant
during the time period of 20 days, as shown in Fig. 3.
4.2. Thermal conductivity

Fig. 4 shows the data from the tests on the SFRC and NSFRC
cubes from five hours after casting to 20 days. It indicates that they
both have decreasing ETC with time until a stabilization at which
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ETC reaches a value of a similar order to that of mature conven-
tional concretes.
Fig. 6. Illustration of water membrane around aggregate particles and steel fibers
inside concrete in an initially moisturized state and the later formation of pores at
the original water membrane regions (light grey represents cement paste, sand and
micro silica fume; dark grey represents coarse aggregates; white represents steel
fibers; light blue represents water membrane; black represents pores.) (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
4.3. Effects of reinforcement on thermal conductivity

Based on the data in Fig. 4, the average ultimate ETC was calcu-
lated by averaging the data at ages from 18 to 20 days. This was
found to be 1.20 ± 0.07 W/(m �C) for SFRC and 1.30 ± 0.09 W/(m
�C) for NSFRC. Apparently, NSFRC has a slightly higher thermal con-
ductivity than SFRC.

The SFRC samples contain steel fibers at 1.3% of the total mass
of concrete, and NSFRC does not contain any steel. Comparing their
thermal conductivity, the difference is about 0.10 W/(m �C), with
the NSFRC having a slightly higher value. Although Gül et al.[17]
found a significant increase in thermal conductivity when steel
fibers were added to concrete at a slightly higher dosage, in many
studies, no obvious influence of steel fibers has been observed. For
instance, Khaliq and Kodur [25] tested the thermal conductivity of
mature self-compacting concrete reinforced by 1.8% by mass steel
fiber, which were 38 mm in length and 1.14 mm equivalent diam-
eter, nearly double the length of the steel fibers used in our study.
At room temperature, in their work, ETC was 3.5 W/(m �C) for the
reinforced concrete and the plain concrete was ETC of 3.3 W/(m
�C). Another study on the properties of ultra high performance
fiber reinforced concrete reported 0.94 W/(m �C) for the concrete
containing steel fibers and 0.98 W/(m �C) for the unreinforced con-
crete and indicated a similar thermal conductivity between with
and without steel fibers units [36]. A surprising result given the
dosage was several times higher at 8.1% by mass. Comparing the
materials and mix proportions in the present study with these pre-
vious studies, the different w/c ratio could be responsible for the
different results. The ratio was 0.47 in this study and the ratios
for the other two works were less than 0.44.

Fig. 5 demonstrates a random distribution of aggregates and
steel fibers within a concrete matrix. Based on the composition
of SFRC in this work along with statistical estimation, contact
between aggregates and steel fibers is very likely. This occurrence
seems leading to increased ETC. However, on microscale, the intro-
duction of steel fibers may introduce internal defects.

It is speculated that the more added water there is, the more
water surrounds the steel fibers. As water is consumed by hydra-
Fig. 5. A distribution model of aggregates and steel fibers within concrete (grey
particles represent sand; red grains represents crushed granite aggregate; yellow
sticks represent steel fibers). (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
tion and evaporation, it is replaced not only by hydrated materials
but also by pores, voids and cracks [28,37,38]. The process is illus-
trated in Fig. 6: when the concrete is well-moisturized, the aggre-
gate particles in dark grey and steel fibers in white are surrounded
by a thin layer of water in blue; as the moisture content decreases
due to hydration and evaporation, pores in black are gradually
formed around the grains and fibers in areas originally occupied
by water.

Thus, the addition of steel fibers may result in a microstructure
with higher porosity and consequently a lower thermal conductiv-
ity, unless sufficient steel fibers are added to produce a steel-
connected system, which may increase ETC of concrete if the
proportion of the cross-sectional area that is steel is significant,
or unless steel fibers may be added without a consequent increase
in porosity.
4.4. The evolution of thermal conductivity

In Fig. 4, the blue curve represents data for SFRC and the data in
pink were from NSFRC. Their values of initial ETC for both stood at
a relatively high value, 5.89 W/(m �C) and 5.63 W/(m �C), at the
hydration age of five hours. Then, they immediately and sharply
dropped until about two days when the curves tended to level
up, gradually reaching a constant long-term value. The ETC
stabilized at approximately 1.20 ± 0.07 W/(m �C) for SFRC and
1.30 ± 0.09 W/(m �C) for NSFRC.

A concrete system is complicated to start with and its interior
structure constantly changes with hydration age. The hydration
alters not only volume fractions of solid, liquid and gas phases
but also spatial arrangements within the there-dimensional
micro-structure. Thus, thermal properties of concrete, such as
specific heat capacity, and thermal diffusivity, varying at early
age when hydration is very intense, is expected. Heat capacity of
composite cement-based materials has been observed to vary with
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w/c ratios due to the high heat capacity of water (4.18 J/g K), and
increase with increasing curing temperature [10]. On the other
hand, the opposite trend has been reported for the relationship,
but later it has been reported that there is a watershed of water
content between these two trends [10,29]. When lower than this
watershed, ETC increases with increasing water content, while
when higher than it, the trend reverses. The variation of ETC at
early age can be explained by the combined effects of thermal dif-
fusivity, a, and heat capacity, Cq, as shown by Eq. (9).

a ¼ k
Cq

ð9Þ

In another viewpoint, in the course of cement hydration, the
concrete gradually turns from a saturated system to a less satu-
rated system because of the loss of water due to cement hydra-
tion (the loss of evaporation may be neglected for these samples
based on the density data). It has been suggested that the
amount of free water in concrete, regardless of density, has a
major influence on the ETC [9]. Although water is a poor conduc-
tor of heat as compared to rock, it is 25 times more conductive
than air [16], which gradually replaces some of the water inside
concrete. Further confirmation may be found where studies
investigating the influence of curing temperature on ETC of con-
crete have been explained by the effect of temperature on the
evaporation rate of water [25]. Therefore, it is a plausible
hypothesis that the evolution of ETC at early age is directly
related to variation of moisture content.

After two days, the ETC tended to stabilize, and at the same
time, the rate of hydration of the cement was decreasing to a
low level. Therefore, the amount of water being consumed by
ongoing hydration was too trivial to have a large impact on ETC,
though ETC did tend to continue to decrease slowly up to 20 days.
The period of relatively constant ETC was about the end of the
main period of hydration, Stage III and the beginning of Stage IV.
It means all phases of aluminate, ferrite and alite within cement
have almost completed their hydration, mainly producing C-S-H
gel and calcium hydroxide. The hydration products rapidly deposit
into capillary pores, which were originally occupied by mix water.
Stage IV is the final stage of hydration, driven by diffusion of water
or mineral ions hindered by the thickening layer of hydration prod-
ucts. By then, the interior micro-structure of concrete, such as pore
Fig. 7. Hydration degrees of sprayed c
structure and spatial arrangement of solids, will not alter so signif-
icantly as before, therefore giving a relatively constant ETC.

4.5. Hydration degrees

The progress of cement hydration has been investigated by a
synchronised measurement of hydration degrees at different ages.
Fig. 7 shows the growth of hydration degrees of the sample with
hydration time. As shown in the graph, the hydration degree
exponentially increased with hydration time. During the first two
days, the slope of the curve is steep and then becoming closer to
a straight line. The fitting of this curve gives Eq. (10) to depict
the progress of concrete hydration with time. Comparing this curve
to the thermal conductivity curves, the changes of the develop-
ment trend of these curves almost happened over a same time
period.

n ¼ �7:96� exp
t

2:2

� �
þ 14:16 ð10Þ
4.6. Simulated thermal conductivity

Theoretically or experimentally establishing a prediction model
of ETC for cement-based composite materials has been a focus of
research for a long time [11,16,20,29,30,33–36,39–49]. Most
empirical or mathematical models consider the influence of coarse
aggregates, which have been widely regarded as the main factor,
together with moisture content, density, porosity, etc. Models
derived from experiments normally give a prediction with good
accuracy, such as Kim et al.’s model, which comprehensively
considered the dependence on volume fraction of aggregates, w/c
ratio, fine aggregate fraction and temperature [11].

There are a lot of prevailing theoretical models for predicting
ETC, such as the Campbell-Allen and Thorne models, based on
the principle of Ohm’s Law, Hamilton and Crosser’s model, also
based Ohm’s law but for porous materials, and the Zimmerman
model, which is an advanced version of Hamilton and Crosser’s
model taking account of pore shapes. However, although these
models can all give a satisfactory estimated value, the readily avail-
able information pertaining to experimental data and theoretical
prediction of the affecting factors related to ETC of concrete is
oncrete at various hydration ages.



Fig. 8. ETC versus actual density and oven-dried density (data from Table S1).

Table 3
Information of oven-dried density for both crumb-rubber modified concrete in Hall’s
work and NSFRC in this study, together with the calculated and experimental ETC.

Materials Oven-dried
density (g/cm3)

Calculated ETC
(W/(m �C))

Measured ETC
(W/(m �C))

Crumb rubber-
modified concrete

2288 1.19 1.269
2113 1.08 1.069
2056 0.94 0.8
1913 0.79 0.686
2063 1 0.875
1905 0.85 0.815
1772 0.69 0.708
2154 1.1 1.1
1991 0.92 0.959
1828 0.82 0.848

NSFRC 2245 1.19 1.29

Fig. 9. Calculated ETC values versus that from experiment for both crumb-rubber
modified concrete in Hall’s work and NSFRC in this study (data from Table 3).
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scarce. Then, experiments are normally required for calibrating and
completing the models.

In this work, density and ETC data from different research stud-
ies for different concrete materials has been collected and ana-
lyzed, as shown in Table S1. The collected data have been
classified into two data according to the density information:
oven-dried density (qd) and actual density (qa). It was found that,
even though these materials consisted of considerably different
solid materials, their data are roughly following one trend as
shown in Fig. 8 and the extent of the scatter is not considerable.
However, the data for the actual density vs thermal conductivity
is more scattered than that for the oven-dried density. The cause
is the variability of thermal conductivity resulting from uncorre-
lated moisture content of concrete in different studies due to its
high dependence on environmental conditions and other uncon-
trollable factors, such as temperature and humidity, not only the
materials or the hydration process. Thus, the following establish-
ment of simulation method is mainly based on the data from the
oven-dried materials.

It has been found more than once that ETC is linearly related
with density [30,34,40,50]. On the other hand, in the work in this
paper, the relationship between ETC and density, whether it is
oven-dried density or wet-state density, is exponential. It is likely
to be caused by the varied types of solid materials; however, the
linear relationship represents the series of concrete with identical
mix materials but with different mixing proportions.

Meanwhile, a regression equation, Eq. (11), was obtained for
these data at dry state. When the density in the equation is substi-
tuted by measured dry density, then the ETC of the solid part of a
concrete systemmay be estimated. Furthermore, a concrete matrix
may be regarded as a three-phase system, as in Woodside and
Messimer’s work: a solid phase consisting of solid particles of
hydrated cement and aggregates, a gas phase consisting of the
air voids and a liquid phase consisting of the moisture. In this
way, the three-phase model, as shown in Eq. (12), can be used to
calculate the overall ETC.

Dry state : ks ¼ 0:059eð0:0013qdÞ R2 ¼ 0:7828 ð11Þ
Woodside and Messimer’sthree phase model : k ¼ kVss � kVa
a � kVw

w

ð12Þ
where ks is the ETC of the solid part in a concrete; ka represents

the ETC of air, 0.7 W/(m �C); kw is the thermal conductivity of
water, 0.58 W/(m �C); Vs, Va and Vw refer to the volume fraction
of each phase.
Next, this prediction approach is evaluated by calculating the
ETC of the crumb rubber-modified concrete from Hall’s work by
adopting its data of measured dry density and comparing with
their measured ETC [51,52]. There is a good agreement between
the calculated and measured values, as shown in Table 3. The same
procedure has been repeated for the ETC of NSFRC prepared in this
work, which gave an excellent match as shown in Table 3. All of the
calculated and measured data has been plotted in Fig. 9, in which a
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nearly linear relationship indicates an acceptable result. Therefore,
it can be considered that ETC of all concrete with the density rang-
ing from 0.2 g/cm3 to 2.5 g/cm3, and containing no significant frac-
tion of highly thermally-conductive materials, is in an exponential
relationship with density. Moreover, when its density at dry state
is known, a rough estimation with an acceptable accuracy can be
made, which is particularly convenient and useful for industrial
application.

For SFRC in this work, this approach is not suitable as the ETC of
steel fibers differ significantly from those of other components.

5. Conclusions

Usually the ETC of concretes are evaluated at an average tem-
perature and are treated as a constant in calculations [49]. How-
ever, according to the above results and discussion, the ETC of
sprayed concrete at an early stage is much higher than that at a
mature age and it experiences an immediate and sharp decrease
until two days after which it tends to stabilize. ETC of concrete is
confirmed to be changing with hardening. At an early age, the vari-
ation of ETC is associated with changes in the free water content
and its later stabilization is attributed to the completion of the
main and intense hydration of cement, from stage I to III. The ulti-
mate ETC is 1.20 ± 0.07 W/(m �C) for SFRC and 1.29 ± 0.09 W/(m
�C) for NSFRC.

Addition of steel fibers at a dosage of 1.4% by mass into the mix
does not increase the ETC of concrete. Furthermore, it has been
noticed that a higher water content reduces the ETC of concrete
when it contains steel fibers because more water magnifies the
interfacial effect between steel fiber and solid, causing more
defects and higher porosity.

The evolution process of ETC of hardening concrete can be
divided into two parts: at early age when cement hydration is
intense and the concrete is well moisturized, its ETC mainly varies
with the changes of water content; after the end of the intense
hydration, micro-structural features, especially density and poros-
ity, are the key determinants.

ETC of all kinds of concrete is exponentially related with den-
sity. For concrete with density ranging from 0.2 g/cm3 to 2.5 g/
cm3 and containing no distinguishable highly-thermal-conductive
materials, their ETC can be conveniently estimated from the dry
density of concrete, together with the three-phase equation pre-
sented in this paper.
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