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Abstract: Structural lightweight concrete (LWC) has recently acquired research importance because
of its good thermal insulation properties. However, there is a lack of knowledge about its thermal
properties at elevated temperatures. The thermal properties, such as thermal conductivity and
specific heat, of porous LWC vary depending on the aggregates, air voids, and moisture content of
the LWC in question. To study these effects, in this paper, we measured the thermal properties of three
types of structural LWCs at different temperatures, combining different characterization techniques,
namely, differential scanning calorimetry (DSC), laser flash analysis (LFA), and modified transient
plane source (MTPS). Bulk density and porosity were also evaluated. Specific heat is analyzed by the
DSC technique from 20 to 1000 °C and the MTPS technique from 20 to 160 °C. Thermal conductivity
is studied using MTPS and LFA techniques at temperatures ranging from 20 to 160 °C and 100 to
300 °C, respectively. The results indicate that the thermal properties of LWC are highly affected by
moisture content, temperature, and porosity. For LWC, the current Eurocodes 2 and 4 assume a
constant value of specific heat (840 J/kg®C). This research reveals variability in temperatures near
150, 450, and 850 °C due to endothermic reactions. Furthermore, for low temperatures, the higher the
porosity, the higher the thermal conductivity, while, at high temperatures, the higher the porosity,
the lower the thermal conductivity. Thus, Eurocodes 2 and 4 should be updated accordingly. This
research contributes to a deeper understanding and more accurate prediction of LWC's effects on
thermal properties at elevated temperatures.
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1. Introduction

Concrete is widely used as a primary structural material in construction due to its nu-
merous advantages, such as strength, durability, ease of fabrication, and non-combustibility [1].
Concrete is grouped into different categories based on performance (conventional and
high performance), weight (normal weight and lightweight), presence of aggregates (fibers,
waste materials, and recycles aggregate concrete) [2-4], and strength (normal strength, high
strength, and ultra-high strength).

According to the International Energy Agency (IEA), the current demand for energy
is 30% higher than it was in the 1990s [5]. Improving the thermal properties of concrete
can significantly reduce heat loss in buildings and improve sustainability. Lightweight
concrete (LWC) has been extensively used as both a structural and non-structural building
material due to its important advantages, including a longer product life cycle than other
construction materials. This type of concrete has low density, excellent behavior at elevated
temperatures, and good thermal insulation due to its low thermal conductivity [6-8]. LWC
is usually manufactured using lightweight aggregates such as perlite, pumice, vermiculite,
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or expanded clay [1,9]. Recently, to mitigate some of concrete’s environmental problems,
LWC has also been manufactured using waste from different industries, such as fly ash and
blast furnace slag, to substitute components and/or enhance the concrete’s properties [10].

Fire is a severe environmental condition to which structures may be subjected. The
behavior of a concrete element exposed to elevated temperature depends on its ther-
mal and mechanical properties. The main thermal properties that influence temperature
rises and distributions in concrete are thermal conductivity and specific heat. Previous
experimental studies have reported that the thermal properties of concrete are highly
influenced by aggregate type, moisture content, and porosity, as well as the composition of
the concrete mix [4,11-16].

The thermal conductivity of normal concrete (NC) at ambient ranges is from 1.36
to 2 W/mK according to EN 1992-1-2 [17] and the standard EN 1994-1-2 [18]. Overall
thermal conductivity, as well as the density of concrete, decrease with temperature. This
trend is usually attributed to variations in moisture content with temperature [19]. The
water contained within concrete starts to evaporate between 100 and 120 °C. Subsequently,
the dissociation of the water of the hydrated calcium silicate (C-S-H) occurs between 150
and 400 °C. Finally, loss of mass occurs between 400 and 600 °C, weakening the concrete.
The value of thermal conductivity may vary depending on the measurement method
used [4]. Usually, homogeneous materials are studied using steady-state methods, such as
the guarded hot plate method and laser flash analysis (LFA). Although these methods take
more time, the values they achieve are more accurate than those achieved with transient
methods. Transient methods are used for heterogeneous materials such as concrete. In
addition, transient methods have some advantages, such as an easy and fast measurement
procedure, the possibility of measuring different thermal properties simultaneously, and
the absence of a calibration sample. Transient methods such as a transient plane source
are usually favored for wet concrete due to its changes at elevated temperatures [4,14,20].
However, there is no discussion in the literature about the selection of a proper method for
measuring thermal conductivity.

The specific heat of NC at ambient temperatures ranges from 840 to 1800 J /kg-K [1].
Specific heat is sensitive to various physical and chemical transformations that take place
in concrete at elevated temperatures. During heating, free water vaporizes between 90
and 120 °C [4,12,21]. Between 180 and 300 °C, the loss of chemically bonded water occurs.
Between 400 and 600 °C, there is a dissociation of calcium hydroxide (Ca(OH),) into
calcium oxide (CaO) and water (H,O). At this point, there is a complete desiccation of the
pore system. From this point on, the gradual mass loss is attributed to the release of carbon
dioxide (CO;) from calcium carbonate (CaCOs) [22]. Therefore, specific heat is highly
dependent on free water content. It is usually measured by means of differential scanning
calorimetry (DSC) or differential thermal analysis (DTA) for temperatures above 600 °C [1].

Most research on LWC shows a significant variation in the thermal properties, which
are affected by the fraction of lightweight aggregates and density [7,23]. The addition
of regular aggregates facilitates heat conduction. The introduction of internal pores af-
fects thermal behavior, increasing the absorption of water into the lightweight aggre-
gate and delaying the dehydration of the calcium hydroxide [4]. However, the standard
EN 1992-1-2 [17] and the standard EN 1994-1-2 [18], hereafter referred to Eurocode 2 and
Eurocode 4, respectively, set a constant value for specific heat of 840 J/(kg-K) for any LWC,
as well as a linear variation in thermal conductivity in the range of 20-800 °C.

According to the literature, there are many studies on lightweight aggregates and their
usage in lightweight systems. However, studies about the effect of elevated temperatures
in LWC thermal properties are limited, and there is also limited guidance for undertaking
standardized property tests at elevated temperatures [24]. Therefore, this work carries
out research on the thermal conductivity and specific heat of various structural LWCs.
Samples containing different proportions of aggregates are compared at ambient and
elevated temperatures. To measure thermal properties, three different test methods are
used: differential scanning calorimetry (DSC), laser flash analysis (LFA), and modified



Appl. Sci. 2021, 11, 10023

30f18

transient plane source (MTPS). There are three main objectives of this research work. First,
we seek to measure the specific heat (c,) of the LWC over a wide temperature range
(20-1000 °C); the measured c, values of LWC using DSC and MTPS methods are compared.
Second, we aim to study thermal conductivity (k) over a range of 20-300 °C in LWCs; for
this purpose, MTPS and LFA methods are combined. Finally, we endeavor to propose a
relationship between density, thermal conductivity, and temperature, as well as between
specific heat and temperature.

2. Materials and Methods
2.1. Materials

Three different types of LWC were manufactured to study their thermal properties
under elevated temperatures. Portland cement, siliceous aggregates, two sizes of expanded
clay, water, and polyolefin fibers were used to manufacture LWC samples. Portland-
composite cement of grade CEM II/A-V 42.5 was used in this study following Standard
UNE-EN 197-1:2011 [25]. In addition, siliceous aggregates with a diameter of 0-2 mm,
expanded clay-fine (ECF) with diameters of 1-5 mm and a density of 430 kg/ m3, and
expanded clay-coarse (ECC) with diameters of 2-10 mm and a density of 350 kg/m3 were
used to manufacture the LWCs. Expanded clay is usually employed to manufacture high-
performance ultra-light mortars. Its main properties are good insulation, porosity, and
resistance. In order to avoid shrinkage cracking, polyolefin fibers 48 mm in length and
with a density of 910 kg/m? were used. Figure 1 shows the types of aggregate used in
this study.

.60 70 80 90100

L mmﬁh"!\l\""M‘\|\|\I‘hh!“lhhlﬂﬂﬁ il
(a)

Figure 1. Types of aggregates: (a) expanded clay-fine; (b) expanded clay-coarse; (c) polyolefin fibers.

2.2. Mix Proportions

Following UNE 83502:2004 [26] and UNE 83504:2004 [27], twelve concrete samples
were manufactured for each LWC in the laboratory. The mix proportions of expanded
clay aggregates, siliceous aggregate, cement, and water are shown in Table 1. LWC-1
was prepared using 4.95 L of ECF, 6.3 L of ECC, 14.71 kg of siliceous aggregate, 11.7 kg
of cement, and 5.66 L of water. LWC-2 was prepared using 5.25 L of ECF, 4.5 L of ECC,
17.11 kg of siliceous aggregate, 11.7 kg of cement, and 5.66 L of water. LWC-3 was prepared
using 3.6 L of ECF, 3.6 L of ECC, 20.02 kg of siliceous aggregate, 12.6 kg of cement, and
6.09 L of water.

Table 1. Mixing proportions of lightweight concretes in mass fractions.

.. Constituents
Mbdng ECF ECC Sili A C
Compositions iliceous Aggregate ement o
i (%) (%) 0/2 (%) 15R (%)  Water (%)
LWC-1 5.85 6.05 40.42 32.14 15.54
LWC-2 5.89 4.11 44.68 30.55 14.77

LWC-3 391 4.50 44.44 31.79 15.36
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LWCs have pores within their structure. In order to know their porosity, true density
(ptrue) and bulk density (pp,5x) were measured using dry samples [28]. The porosity (1) of
the dry LWC samples was estimated using Equation (1). The true density of each LWC
was measured using a helium pycnometer model AccuPyc 1340, which provided high-
speed, high-precision volume measurements and density calculations. To measure the bulk
density, volume, and mass, standardized cylindrical samples of ®15 x 30 cm were used.
The results are shown in Table 2.

n= (P”“E —P "“”‘) x 100% 1)
POtrue

Table 2. Density and porosity of LWCs.

Material Bulk Density (kg/m3) True Density (kg/m®) Porosity (%)
LWC-1 1740 2430 282
LWC-2 1819 2485 26.6
LWC-3 1906 2502 24

2.3. Methodology

In this work, the thermal conductivity and the specific heat of different LWCs were
studied using different transient methods. The results of each method were also compared.
Thermal conductivity (k) is the property of a material to conduct heat. LWC is a porous
and heterogeneous material; two different methods to compare its thermal conductivity
at different temperatures were used: LFA and MTPS. Specific heat (cy) is the amount of
heat per unit mass required to change the temperature of a material by one degree. This
thermal property was measured using two different methods: MTPS and DSC.

2.3.1. LFA Method

The LFA was developed by Parker in 1961 [29]. This method is commonly used to
measure the thermal diffusivity (), thermal conductivity (k), and specific heat (cy) of a
wide range of solid materials at different temperatures. In the LFA, the bottom surface of a
sample is heated by an energy pulse with a certain power and duration. Both the intensity
and the duration of the pulse can be adjusted in accordance with the measured sample.
The resulting temperature change at the top surface of the sample is then measured with an
infrared detector, as shown in Figure 2. The thermal diffusivity of the sample is the relation
between the increase in temperature as a function of time, as shown in Equation (2) [30].

42
a = 0.1388 — )

1

2

where « is the thermal diffusivity in cm?/s, d is the thickness of the sample in cm, and 1
2

is the time for the below surface to reach half of the maximum temperature rise in s (see
Figure 2b).

After thermal diffusivity, density (o) and specific heat were calculated. These values
are used to determine the thermal conductivity of the sample at different temperatures
using Equation (3):

K(T) = a(T) x c(T) x p(T) )
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Figure 2. LFA method: (a) configuration of test; (b) calculation of parameters.

The LFA 447 NanoFlash® equipment works according to international standards [31,32],
and it was used to perform the experimental campaign. The tested samples were ground
concrete particles; consequently, a special sample holder was used to measure thermal
conductivity. This sample holder compresses the concrete dust between two layers of
aluminum, applying pressure. The thermal conductivity of LWC was measured at tempera-
tures of 100, 220, and 300 °C and pressures of 100, 240, and 290 N/ cm? at each temperature.
In order to be as close as possible to the porosity conditions of the LWC samples, a series of
tests was performed while varying the applied sample pressure.

2.3.2. MTPS Technique

The MTPS technique follows ASTM D7984-16 [33] and employs a one-side, interfacial
heat-reflectance sensor that applies a momentary constant heat source to the sample. It
causes a rise in temperature at the interface between the sensor and the sample, as shown
in Figure 3a. This increase in temperature induces a change in the voltage of the sensor. The
rate of increase in the sensor voltage is used to determine the thermo-physical properties
of the sample. Thermal conductivity and effusivity are measured directly, providing a
detailed overview of the thermal characteristics of the sample. Specific heat is determined
using the density of the material (o) in kg/m3, the effusivity (E) in Ws'/?/m?K, and thermal
conductivity (k) in W/mK by means of Equation (4).

E 2
Cp = E 4)

In order to measure both k and ¢, at different temperatures, 5 x 5 cm cylinder samples
were used. The samples were soaked in water for seven days to saturate. Before the samples
were heated in a chamber, their thermal conductivity and specific heat were measured at
an ambient temperature. Then, the samples were placed in an electronic furnace (MTS 651
Environmental Chamber), as shown in Figure 3b, and they were exposed to a heating curve,
as shown in Figure 3c. At 70, 100, 120, and 160 °C, the temperature was kept constant
for 50 min. The temperature was increased at a heating rate of 2 °C/min. The change in
temperature, as well as the variation in thermal conductivity and the specific heat, were
recorded with a sampling frequency of 0.02 Hz by a TCi Thermal Conductivity Analyzer by
C-Therm Technologies. All the samples were weighed before and after the test to determine
their moisture content.
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) configuration of test; (b) placing of the sample in the chamber; (c) temperature curve set.

2.3.3. DSC Technique

The DSC technique is a specific type of calorimetry, which uses both a sample material
and a reference material. DSC measures the amount of heat required to increase the
temperature of a sample and a reference. The reference sample should have a well-defined
heat capacity over the range of temperatures to be scanned. The samples and the reference
material follow very similar temperature curves throughout the experiment. This method
has been widely employed in recent decades for studying phase transitions, such as melting
or exothermic decompositions [34-36].

The Netzsch STA 449 F3 equipment is a simultaneous thermal analysis (STA) device
based on standards ISO 11358 [37], DIN 51006 [38], and DIN 51007 [39]. It combines
thermogravimetry (TG) and differential scanning calorimetry (DSC) in a single test to
measure mass change and heat flow as functions of temperature. This equipment was used
to determine ¢, and perform the experimental campaign. Netzsch STA 449 F3 is able to test
in a range of temperature between 30 and 1500 °C in an oxidative or inert atmosphere. The
temperature and balance resolutions are 0.001 K and 0.1 ug, respectively, over the entire
weighing range. The DSC enthalpy accuracy is 2% for most materials.

3. Results and Discussion

3.1. LFA Results

In this study, four tests were performed for each LWC using the LFA technique, and
the average measurements were also calculated. The thermal conductivity of LWC changes
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considerably with the pressure applied. The higher the pressure, the higher its thermal
conductivity. A possible explanation for this behavior is the fact that the samples are
ground concrete particles. The more pressure is applied, the less air there is in the sample
holder, and the higher the thermal conductivity of LWC. Figure 4 shows the relationship
between thermal conductivity and pressure for LIWC-1. The same behavior was observed
for LWC-2 and LWC-3.

0.70

,—/—/’/\‘\<

\\

‘ —~-P100 —-P240 —-P290

0.60

Kk (W/mK)
o
n
(=}

0.40

100 140 180 220 260 300
Temperature (°C)

0.30

Figure 4. Thermal conductivity for LWC-1 at different pressures (100, 240, and 290 N/ cm?).

Figure 5 shows the average value for the maximum pressure used (290 N/ cm?). Test
results for thermal conductivity are given in Figure 5. LWC-3 has the lowest porosity,
followed by LWC-2 and LWC-1 (see Table 2). Experimental results with the LFA technique
do not provide conclusive results to relate porosity and conductivity. The experimental
campaign must be extended to support conclusions.

0.75

‘—-—LWC-I -~LWC-2 +LWC-3‘

e /\/

0.60

k (W/mK)
S
a
N

0.55 T T T T T T T T T ]
100 140 180 220 260 300
Temperature (°C)

Figure 5. Thermal conductivities for all LWC types.

3.2. MTPS Results

Four tests were performed for each sample block to determine thermal conductivity
and specific heat. The average of the four measurements was calculated. The initial
moisture content of the LWC samples is calculated using Equation (5). The initial moisture
content is between 3% and 8% and, at the end of the tests (160 °C), the moisture content is
lower than 1%, which means a reduction in bulk density.

MC = Ywater (’”1 _’”2) x 100 5)
Veoncrete my

where MC is the percentage of moisture content, m; is the mass of the sample at ambient
temperature in kg, and m; is the mass of the sample in dry conditions in kg.
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Thermal conductivity at ambient temperature was measured before starting the heat-
ing curve. The results are shown in Table 3. The LWCs studied present high values of
porosity, as well as high water content, and they are susceptible to changes in thermal
conductivity due to a variation in moisture content [12]. The dependence of LWC thermal
conductivity on moisture content is due to the replacement of the air phase by a water
phase in the concrete pores. Water-accessible porosity is the key parameter that influences
the increase in LWC thermal conductivity with moisture content. In addition, porosity
affects thermal conductivity at elevated temperatures; the higher the LWC porosity, the
lower its thermal conductivity.

Table 3. Moisture content and average thermal conductivity values of LWC samples at
ambient temperature.

. k(T=20°Q)
o,

Type of Concrete Sample Moisture Content (%) W/mK
LWC-1 A 31+01 1.228
LWC-1 B 58 £0.1 1.596
LWC-1 C 6.2+0.1 1.619
LWC-1 D 6.4+0.1 1.699
LWC-2 A 5.8 £0.25 1.499
LWC-2 B 74 +£0.12 1.736
LWC-2 C 75+0.1 1.737
LWC-2 D 5.6 £0.1 1.470
LWC-3 A 73+£01 1.590
LWC-3 B 6.4+0.1 1.425
LWC-3 C 71+£01 1.562
LWC-3 D 76+0.1 1.480

Due to samples having different moisture contents, in this work, a moisture content
of 7% was set to study thermal conductivity. According to ISO 10456 [40], a thermal
conductivity value related to specific conditions can be transformed to a different value
in different conditions. The conversion of thermal values from a set of conditions (k) to
another set of conditions (ky) is carried out in accordance with Equation (6) [40]:

ko =ki x Fr x F;, X F, 6)

where k; is the thermal conductivity for the first set of conditions (W/mK), k; is the thermal
conductivity for the second set of conditions (W/mK), Fr is the conversion factor for
temperature, F;, is the conversion factor for moisture content, and F; is the conversion
factor for aging.

In the present work, it is assumed that there is no influence from temperature and
aging. However, a conversion factor of moisture content was applied, since different
moisture content conditions were analyzed. The ISO 10456 establishes a conversion factor
(F;;) for the moisture content as a function of the moisture content per unit mass for the
i-th set of conditions, u;, through the conversion coefficient, f,,. Following the research work
of del Coz et al. [6], Equation (6) can be transformed into Equation (7).

k((p) = kamb X efu(ui(‘i))*”umb) (7)

where ¢ is the relative humidity, k,,;; is the thermal conductivity at ambient temperature,
fu is the conversion coefficient of moisture content, u; is the moisture content for the
i conditions, and u,,,;, is the moisture content for ambient conditions.

The conversion of thermal conductivity of LWCs from experimental conditions to
reference set conditions is carried out in accordance with Equation (7). Following previous
works [6], a conversion coefficient (f;) of 14 was used for LWC-1, while, for LWC-2 and
LWC-3, this value was 6. Least-squares fitting was calculated by minimizing the root-mean-
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square error. For a moisture content of 7%, the average thermal conductivity values of
LWCs vary from 1.917 to 1.505 W/mK, as shown in Table 4. This is significantly lower than
the thermal conductivity of normal concrete. The heat transfer and energy consumption

are also lower.

Table 4. Fitted values of thermal conductivity for 7% of moisture content.

Samol k IWC-1) k (ILWC-2) k (LWC-3)
ample W/mK W/mK W/mK
A 2.120 1.611 1.562
B 1.888 1.695 1.477
C 1.811 1.686 1.553
D 1.848 1.599 1.428
Mean value 1.917 1.648 1.505
o 0.139 0.050 0.064
Error (%) 7.259 3.016 4.243

Figure 6 shows specific heat at elevated temperatures. According to the results, the
specific heat behavior of concretes is almost identical for all LWC types. Due to the

vaporization of free water in the range of 100 to 140 °C, specific heat increases.

Table 5. Average thermal conductivity values of LWC samples in different high-temperature environments.

Type of Concrete  Sample k (70 °C) k (100 °Q) k (120 °C) k (160 °C)
W/mK W/mK W/mK W/mK
LWC-1 A 1.063 1.106 0.902 0.632
LWC-1 B 1.367 1.404 1.100 0.661
LWC-1 C 1.492 1.531 1.127 0.670
LWC-1 D 1.575 1.616 1.253 0.752
Mean value 1.478 1.517 1.160 0.679
Standard deviation 0.225 0.223 0.145 0.051
LWC-2 A 1.348 1.345 1.094 0.791
LWC-2 B 1.704 1.719 1.196 0.819
LWC-2 C 1.630 1.663 1.209 0.828
LWC-2 D 1.408 1.429 1.086 0.827
Mean value 1.522 1.539 1.146 0.816
Standard deviation 0.171 0.181 0.065 0.017
LWC-3 A 1.486 1.503 1.223 0.867
LWC-3 B 1.373 1.380 1.100 0.801
LWC-3 C 1.437 1.537 1.182 0.853
LWC-3 D 1.423 1.495 1.181 0.842
Mean value 1.430 1.479 1.171 0.841
Standard deviation 0.046 0.068 0.052 0.028

The average test results for thermal conductivity at elevated temperatures are shown
in Table 5. For all the LWCs, the thermal conductivity behavior is similar, decreasing
linearly with temperatures up to 70 °C. It then remains almost constant between 70 and
100 °C, with minor variations attributed to vaporization. Due to the vaporization of free
water and the reduction in latent heat, at 100 °C, there is a slight increase in thermal
conductivity, as shown in previous works [4,12]. The steep slope of thermal conductivity
between 100 and 160 °C can be attributed to moisture loss as a consequence of vaporization
of free water with a rise in temperature [12,41]. All the LWCs show thermal conductivity

values at elevated temperatures up to 50% lower than at ambient temperature.
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Figure 6. Specific heat for all LWC types.

3.3. DSC Results
Three tests were performed for each sample to determine specific heat. Figure 7

shows the results of specific heat measurements for LWC-1, LWC-2, and LWC-3 at elevated
temperatures. It can be seen that all the LWCs follow the same three transition zones, which
are related to endothermic peaks, as reported in normal concrete studies [1,4,42]. The first
reaction, observed in the temperature range 100-200 °C, is caused by the vaporization of
free water within the sample. The second reaction takes place between 400 and 500 °C
and is due to the dissociation of calcium hydroxide (Ca(OH);). Finally, over 800 °C, the
dissociation or decomposition of expanded clay occurs [9,21,22]. However, the specific heat
curve indicated in Eurocodes 2 and 4 does not take these processes into account. Rather, it

simplifies the thermal behavior of lightweight concrete to a constant value.
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Figure 7. Specific heat for all LWC types: (a) LWC-1; (b) LWC-2; (c) LWC-3.
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3.4. Specific Heat

In this research work, two techniques were used to measure specific heat. In both cases,
temperature was an influential parameter that affected the specific heat of LWCs. The mea-
sured values of specific heat for LWC are higher than those specified in Eurocodes 2 and 4.

The DSC technique provides graphs of specific heat against temperature. Upward
peaks indicate endothermic reactions such as vaporization, as shown in Figure 7. However,
with the MTPS technique, the specific heat is calculated using a constant value of density.
By not taking into account the variation in density (loss of mass), endothermic reactions
such as vaporization are not measured. To compare the two techniques, the loss of mass
should be measured to provide an adjusted density as a function of temperature. Finally,
Equation (4) should be modified to include this adjustment.

To analyze this, after increasing the temperature, the loss of mass was measured using
a single-point cell in all the MTPS tests, and the variation in density was calculated. The
data were statistically analyzed to generate correlations between the loss of mass and the
increase in temperature. The mathematical equation formed through regression analysis is
generalized as follows, Equations (8)—-(10):

Am(T) = —0.0002 x T+a 20 < T < 50°C ®)
Am(T) = —0.00092 x T+b 50 < T < 110 °C ©9)
Am(T) = Am(T =110°C) 110 < T < 160 °C (10)

where Am(T) represents the loss of mass in kg, T is the temperature in °C, and a and b are
constants in kg and kg/°C, respectively.

The constants for each LWC, along with the corresponding coefficient of correlation (R?),
are summarized in Table 6. The coefficient of correlation R? for all the LWCs studied was
more than 0.90, indicating a good correlation between the experimental and calculated data.

Table 6. Coefficients of the fitted curves for loss of mass.

Type of LWC Coefficients R?
e : o o
e ; 05t 091
e : i i

Finally, density is calculated as the loss of mass by volume of each sample as a
function of temperature. This calculated density is used to determine specific heat, using
Equation (4). Figure 8 shows the variation in specific heat in the range of 20-160 °C
for the three LWCs studied. Good agreement is found between the calculated and DSC
experimental values of specific heat. The modified values of specific heat, plotted with dots,
show an increase in specific heat with temperature. The two grey dashed lines represent an
error of +8%. Therefore, the modified specific heat is accurate and able to follow the real
behavior of LWCs.
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Figure 8. Comparison of specific heat results between 20 and 300 °C: (a) LWC-1; (b) LWC-2; (c) LWC-3.

3.5. Thermal Conductivity

Figure 9 shows the measurement of thermal conductivity in the range of 20-300 °C for
the LWCs, studied using LFA and MTPS techniques. Using the MTPS technique, thermal
conductivity is measured constantly up to 160 °C, whereas with LFA, thermal conductivity
is determined at specific temperatures in the range of 100 to 300 °C.
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1.70
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4 5 - 4
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Figure 9. Comparison of thermal conductivity results between 20 and 300 °C: (a) LWC-1; (b) LWC-2; (c) LWC-3.
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cp(T) = —0.0069 [kg{ -

] x T3 —0.9352{ I

The results obtained by the two techniques at 100 °C differ due to the moisture content
of the samples, which are dehydrated in order to use them in the LFA equipment. Although
the water losses do not correspond with one another, the measurements at the additional
points of 220 and 300 °C are similar. The MTPS technique reflects the dehydration process
up to 140 °C and the consequent decrease in the value of the thermal conductivity of the
material. Free water starts to evaporate at 100 to 120 °C. The presence of pores within the
lightweight concrete accelerates this phenomenon. Therefore, the dehydration process
associated with the reduction in moisture content causes a pronounced drop in thermal
conductivity. Above this temperature, at which there is practically no water in the concrete,
the values obtained by means of LFA can be considered valid. The two techniques are
complementary, as shown by the continuity of the thermal conductivity values at 140 °C
and represented in Figure 9.

4. Proposed Thermal Properties Relationships

Thermal properties of LWC are commonly used as input data to solve heat transfer
analysis. In the current study, thermal relationships were developed. Step-by-step formulae,
similar to those in Eurocodes 2 and 4, are presented in the following sections.

4.1. Specific Heat Equations

Data generated from the specific heat measurements are used to develop a specific
heat relationship for LWC. This thermal property is expressed in the form of an empirical
relationship in the temperature range of 20-1000 °C, as shown in Figure 10a. The accuracy
of the statistical model is represented by the coefficient of determination, R?, whose value
lies between 0.9 and 0.97.

2800

12300 N
A -+-Fitted Eq i
10800 —Test Data LWC-1 /A ]
' [

9300 ~—Test Data LWC-2 i 2300 —Proposed Eq ‘
~ Test Data LWC-3 i a2 i
g 7800 ) Pl 5 EUROCODE 2 & 4 i ¢
oD -~-Fitted Eq il iﬂ o i
€ 6300 | {11 <1800 [ /
=1 I 1k =3 P /
£ 4800 g s . . /

7\l AN P /
300 /i 1300 ) LA /
,F / (It
B0 ead {V— i
300 —=
0 100 200 300 400 500 G600 700 800 900 1000 800
Temperature (°C) 0 100 200 300 400 500 600 700
Temperature (°C)
(a) (b)

Figure 10. Specific heat: (a) comparison of the experimental and proposed specific heat equations;
(b) comparison of proposed equations, simplified equation, and Eurocodes 2 and 4 values.

Specific heat is mainly influenced by the temperature range. To capture this trend,
several equations are proposed. These relationships are presented in Equation (11) through
Equation (19) in J/kg°C.

20<T<100°C (11)
2 I I 2 _ o
o CS} x T2 + 157.16[ng IxT - 7025.4[kgoc} (R2=096) 100 < T <200°C (12)
200 < T <430°C  (13)
3 i 2 I I 2 _ o
] % T +9.8164{kgo—c3] X T —4590.3[kgocz]xT+709,200[kgoc] (R2=097) 430 <T<450°C (14)
| XT+329, 744[kgfoc] (R? = 0.97) 450 < T < 500°C  (15)

] X T2 — 1341.5[ I

500 < T <650 °C

(16)
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cp(T) = 0.5463 - 20117*T (R2 = 0.95) 650 < T<850°C (17)
cp(T) = —208.51 [kg{CZ] xT + 185, 723[kgfoc] (R? =0.91) 850 < T <900 °C  (18)

cp(T) = 850

cp(T) =3-10"°

900 < T <1000°C  (19)

The current Eurocodes 2 and 4 for evaluating the fire resistance of concrete elements
assume that specific heat for normal concrete can be simplified with an equation as a
function of temperature. However, for LWC, this assumption has numerous drawbacks.
For LWC, Eurocodes 2 and 4 propose a constant value (840 J/kg°C). In this research work, to
fit a specific heat equation to LWC, the following equation is presented for the temperature
range of 20-700 °C:

/
kg°C*

J

kg°C?

J

kg°C?

J
kg°C

|XT + 786 (20)

]XTS—O.OOS[ 1><T2+2.7

where c,(T) is the specific heat of LWC as a function of temperature and T is the temperature
in °C.

Figure 10b shows the comparison between the fitted equation, the proposed equation,
and the Eurocodes. The Eurocodes underestimate the specific heat of LWC. However,
the trendline for proposed values from the current study is close to the line depicting
results without taking into account the peaks caused by the vaporization of free water, the
dissociation of calcium hydroxide, and the dissociation or decomposition of expanded clay.

4.2. Thermal Conductivity Equations

Data generated from the thermal conductivity measurements are used to develop
thermal conductivity relationships for LWC. This thermal property is expressed in the
form of empirical relationships in the temperature range of 20-300 °C. A good relation was
found between the experimental and the statistical model, as noted by R?, whose value lay
between 0.9 and 1.

The test data clearly indicate that thermal conductivity is mainly influenced by the
porosity of LWC and the temperature range. To reflect this trend, separate expressions are
developed for thermal conductivity. Thermal conductivity relationships are presented in
three temperature ranges: 20-100, 100-180, and 180-300 °C. These relations are presented
in Equations (21)—(23):

K(T) = parc x (941074 [BE] —10-6[ Watt | x 7(°C)) (R? = 0.9) 20< T <100°C  (21)

K(T) = parc > (¢

—0.01xT(°C)

425

kg°C?

) (R2 = 097) 100< T <180°C (22)

K(T) = pare x (=3-1077 [ W5 | 5 T(°C) — 45104 [ 2 ]) (R? = 0.95) 180 < T <300°C (23)

kg°C?
where k(T) is the thermal conductivity of LWC as a function of temperature, pypec is the
density of LWC at 20 °C, and T is the temperature in °C.

Figure 11 shows the comparison between the experimental data, the fitted equation,
and Eurocodes. Eurocodes underestimate thermal conductivity of LWC up to 150 °C.
However, above 150 °C, Eurocodes overestimate this thermal property. The trendline for
the fitted equation is close to the line depicting results from MTPS data and LFA data.
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Figure 11. Comparison of the experimental and proposed thermal conductivity: (a) LWC-1; (b) LWC-2; (c) LWC-3.

5. Conclusions

1.

This research focuses on the thermal properties of three types of structural lightweight
concrete. In order to study specific heat and thermal conductivity, three techniques were
used. The main conclusions of this work can be summarized in the three sections below:

General conclusions:

i

ii.

iii.

iv.

Porosity and bulk density of LWCs show an inverse relationship at low tem-
peratures: the higher the porosity, the lower the bulk density. LWC-1 has the
highest porosity, 28%, and the lowest bulk density, 1740 kg/m?3. True density
is defined as the relationship between the mass and volume of the concrete,
including the pores in the material. Taking into account this relationship, the
true density of the three LWCs is similar: between 1.3 and 1.4 times higher
than the bulk density.

The structural LWCs studied have significantly lower thermal conductivity
than normal concrete, reducing heat losses. Thermal conductivity of LWC is
highly affected by moisture content, which depends on porosity and tempera-
ture. In this sense, at low temperatures, the higher the porosity, the higher the
thermal conductivity; however, at high temperatures, the higher the porosity
is, the lower the thermal conductivity is. The results of the tests reveal this
variability in the thermal conductivity of LWCs.

This research shows interesting differences in the performance of samples
manufactured with different dosages of aggregates. This demonstrates the
importance of a preliminary phase of material characterization. The standard
ISO10456 must be updated to adapt the conversion coefficients when expanded
clay is used as the main aggregate. This research work proposes a conversion
factor between 6 and 14 for all the LWC mixes with densities between 1700
and 1900 kg/m3.

The current Eurocodes 2 and 4 used for evaluating the fire resistance of
elements assume that specific heat for LWC can be simplified with a con-
stant value of 840 J/kg°C. However, the results of this research work sug-
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gest a change to the Eurocodes as temperature has a significant influence on
specific heat.

2. Thermal techniques:

i The results of this work show the efficiency of combining MTPS and LFA
techniques to measure thermal conductivity in a wide temperature range. The
MTPS technique measures thermal conductivity from ambient temperature up
to 160 °C. Although LFA tests with ground particles have inherent limitations
due to parti-cle contact, above 160 °C, at which there is practically no water
in the concrete, the values obtained by LFA could be considered valid. Both
techniques are complementary, as demonstrated by the equality of the thermal
conductivity values at 160 °C. The MTPS technique requires a stabilization
time longer than 1 h to reduce the moisture content of the samples.

ii. The MTPS and DSC techniques show that temperature is an influential pa-
rameter and must be taken into account to calculate the specific heat. Both
techniques show that the specific heat for LWC is higher than the values speci-
fied in Eurocodes 2 and 4. Specific heat is affected by decomposition reactions,
as shown in the DSC results. For this reason, the MTPS technique should
take into account the loss of mass caused by water vaporization to provide an
adjusted value of specific heat. Therefore, in order to use the MTPS technique
to obtain an adjusted value of the specific heat at elevated temperatures, the
density of the material must be measured as a function of the test temperature,
and Equation (4) should be applied to make the corresponding adjustments.

3. Proposed equations:

i The proposed equations for specific heat are based on experimental data and
dependent on temperature and fitting the experimental values. Although
Eurocodes 2 and 4 assume a constant value for specific heat, this research work
shows that this assumption has numerous drawbacks. From the assumption
of Eurocodes 2 and 4 for normal concrete, an equation is proposed for the
temperature range of 20-700 °C. This proposed equation fits the experimental
values more accurately.

ii. The proposed equations for thermal conductivity, based on experimental data,
depend on the temperature and density of LWCs. These simplified relations
for high-temperature thermal properties of new types of concrete are adequate
for incorporation in codes and standards. In addition, these formulae can
be used as input for numerical models, which can be used to determine the
behavior of LWC structural elements at elevated temperatures.

The findings of this study constitute a realistic characterization of the thermal conduc-
tivity and specific heat of LWCs in different temperature ranges, combining the results of
different measurement techniques. The research concludes that the specific heat of LWC
must not be considered constant as standards establish.

Further investigation should be conducted on different types of LWC with different
densities to determine the effectiveness of the proposed equations.
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