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Abstract 

This paper presents an experimental research work in order to obtain the main 

hygrothermal properties of different mixes of lightweight concrete (LWC) produced 

from expanded clay. Nowadays, the current state of art assumes an exponential 

relationship between the moisture content and the thermal properties for this kind of 

building material. The prime novelty of this study is the experimental determination of 

the actual hygrothermal properties for different LWC mixes with material densities 

ranging from 900 to 1400 kg/m
3
, as well as the least squares best-fitting curves in order 

to obtain accurate mathematical expressions that permit us to optimize the hygrothermal 

behaviour of new construction products made up of LWC. In this way, the experimental 

data set is compared with those for the Standard and a new analytical solution is 

obtained, giving place to a new analytical solution taking into account the relationship 

among the heat, moisture and density. Finally, the results and conclusions reached in 

this work are exposed. 
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Keywords: Lightweight concrete; Heat and moisture transfer; Porous building materials; 

Energy savings. 

Nomenclature 

a
F  conversion factor of aging, dimensionless 

TF  conversion factor of temperature variation, dimensionless 

mF  conversion factor for the moisture content, dimensionless 

imF  conversion factor for the moisture content of the i-th set of conditions 

uf  conversion coefficient of moisture content per unit mass, kg/kg 

L thickness of the specimen across which the temperature difference exists, m 

LWA lightweight aggregate  

LWC lightweight concrete 

LWS lightweight sand 

m specimen mass at equilibrium with a relative humidity, kg 

0m  mass of the dry specimens, kg 

n number of the observed values obtained in the actual tests or 'sample size' 

NWC normal weight concrete 

q heat flux, or heat flow rate through a surface of unit area perpendicular to 

the direction of heat flow, W/m
2
 

2r  coefficient of determination 

R overall thermal resistance, m
2
K/W 

seR  surface thermal resistance of the specimen in the hot-box test chamber as a 

function of wind velocity, m
2
K/W 

siR  surface thermal resistance of the specimen in the surrounding area as a 

function of wind velocity, m
2
K/W 

T  temperature difference between the hot-box and the surrounding area, K 

U heat transmission coefficient or thermal transmittance, W/m
2
K 

u  moisture content per unit mass, kg/kg 

i
u  moisture content per unit mass of the i-th set of conditions, kg/kg 

%50
u

 
moisture content per unit mass for %50 , kg/kg 

V volume of the specimen, m
3
 

w moisture content in volume, kg/m
3
 

iY  observed values obtained in the actual tests 

iŶ  modeled values obtained from the fitted curve or predicted values 

Y  mean of the observed data 

  

Greek symbols 

  relative humidity (%) 

  thermal conductivity, W/mK 

%50
  thermal conductivity for %50 , W/mK 

ρ material density, kg/m
3
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1. Introduction  

In recent years, many researchers have studied the thermal and mechanical properties of 

different materials used in buildings, such as normal weight concrete (NWC), 

lightweight concrete (LWC), gypsum, plaster and clay brick [1-8]. 

 

LWC has been used in many constructions due to its significant benefits from the 

structural and thermal points of view. However, more research is necessary to 

understand the hygrothermal behavior of this porous material. In order to investigate its 

hygrothermal performance, it is necessary to take into account the material density and 

its moisture sorption capacity. LWC density typically ranges from 1000 to 1800 kg/m
3
 

compared with that of 2400 kg/m
3
 for NWC. The main advantages of the LWC are the 

reduction in the dead weight of the structure and good thermal insulation properties due 

to the cellular structure of the aggregates. The main disadvantage is the porous structure 

of the aggregate that implies absorption of a significant quantity of the mixing water. 

This fact has influence in the thermal [7, 8] and mechanical [4] properties of the LWC, 

causing energy losses and failure cracks, respectively. 

 

Nowadays, the LWC porous material is an important research subject in both heat and 

moisture transfer points of view due to its attractive characteristics, such as its thermal 

and acoustic good physical properties, even at high temperatures [8-10]. Some benefits 

of this research have been applied to the study of the energy efficiency of buildings 

made up of lightweight concrete products [7, 11]. Furthermore, the basics of the 



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

 4 

moisture and heat transfer in porous materials are interesting and current fields of 

research [12-15] due to their important effects on those steps to avoid the climate 

change. However, it is possible to state that many recent research studies have often 

been focused on analytical or numerical investigations instead of experimental 

measurements [13, 15]. 

 

The fundamental references for this research work are those in building physics and 

focusing on porous building materials and their properties with respect to the heat and 

moisture transfer. The interested reader is encouraged to consult several recent research 

works in this field such as advances in simulation tools [10, 11, 13], property 

measurements [9, 14] and analytical and numerical models [16, 17]. To motivate this 

discussion, there is a huge interest in the comprehensive study of the heat and moisture 

transfer between indoor air and hygroscopic building materials due to changes in the 

indoor humidity since it is clear that this phenomenon may improve air quality and 

comfort in buildings [18]. In other words, it is necessary to obtain new experimental 

data to accurately quantify the heat and moisture transfer between hygroscopic building 

materials and air if the humidity conditions are varied in a cyclical form. Furthermore, 

these experimental data are also important and a prerequisite for the numerical models 

that will be used in developing new building products based on LWC. 

 

The main objectives of this research work include: (1) developing a new experimental 

procedure to obtain the hygrothermal properties of the LWC, (2) studying the thermal 

properties as a function of the moisture content in LWCs when its density ranges from 
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900 to 1400 kg/m
3
, (3) carrying out different least squares best-fitting curves in order to 

find an equation that defines the relationship among density, moisture content and 

thermal conductivity, and (4) proposing a new revised conversion coefficient of thermal 

conductivity for its use in the ISO 10456:1999 standard [19]. 

 

2. Materials and methods 

2.1. Material properties 

The materials used in this research include expanded clay as then main lightweight 

aggregate (LWA), lightweight sand (LWS) (see Fig. 1), cement and silica sand. The 

particle size of the expanded clay ranges from 4 to 12.5 mm for LWA and from 1 to 5 

mm for LWS, respectively. 

 

Expanded clay is an artificial lightweight aggregate that is produced firing natural clay 

in a rotary kiln at the temperature about 1100ºC using a process called 

“pyroprocessing”, which causes the material to expand. The high proportion of semi-

closed pores in LWA creates a cellular pore system that supplies to these aggregates 

their low-particle relative density and good thermal insulated properties. 

 

Fig. 1. Expanded clay aggregates used in this research: LWA (left) and LWS (right). 

 

Table 1  

Mix proportions of the LWC samples. 
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A total of six samples of 0.2 meters width, 0.2 meters long and 0.05 meters thick for 

different mix proportions (see Table 1) are tested. First of all, the specimens are built in 

an isolated wood cast in which they are cured during forty eight hours in the laboratory 

at 23ºC and 48% relative humidity. Next, they were moved from the mould to an oven 

at 110ºC for 24 hours to achieve the entire dryness of the samples. Then, a 1 mm thick 

gypsum plaster on both sides is applied, and these specimens are again dried inside the 

oven for 24 hours more. Finally, it was dried other 72 hours to get an environmental 

steady state with the laboratory conditions (23ºC and 48% relative humidity). Table 2 

shows the densities of the LWC samples tested in this research work. 

 

Table 2  

Densities of the LWC determined in this investigation during the manufacturing 

process. 

 

2.2. Experimental facility 

The experimental determination of the LWC hygrothermal properties is carried out 

using a special testing device based on the Standard’s test method for the thermal 

performance of building assemblies using a hot-box apparatus [20, 21]. The special 

testing device is composed of a climatic chamber connected to an isolated hot-box unit 

(see Figs. 2 and 3). The thermally isolated hot-box has one cubic meter in volume. 

 

Fig. 2. Scheme of the experimental facility layout. 
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Fig. 3. Photographs of the climatic chamber (left) and hot-box apparatus (right). 

 

2.3. Hygroscopic test methodology 

The Standard ISO 12571:2000 has been used in this research [22]. This Standard is used 

in this work in order to develop a new test methodology to determine the hygroscopic 

sorption isotherm of the LWC construction material. 

 

A variant of the air-conditioned room method indicated in the Standard [22] for a 

climatic test chamber is used in this experimental setup (see Fig. 4). This layout allows 

that the temperature inside the test chamber remains constant ( 5.023 ºC) as well as an 

increase of the relative humidity ranging from 21% to 95%. 

 

The moisture content of samples is determined by weighing until to obtain a constant 

mass so that the equilibrium state is reached in each test. The constant mass is achieved 

when the mass variation between three consecutive weightings, carried out with a time 

separation of at least 24 hours, becomes less than 0.1% of the total mass of the sample. 

 

The hygroscopic moisture storage is described using the sorption isotherm curves of the 

material, termed hygroscopic curves. These curves establish the relationship between 

the moisture content for porous media in volume, V, or per unit mass, and the relative 

humidity of air in equilibrium at constant temperature,  , as follows [22]: 
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 
  0m m
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
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
  or  

   0

0
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m

 





   (1) 

 

Fig. 4. Experimental setup (left) and specimens located inside the hot-box test chamber 

(right) for hygroscopic tests. 

 

2.4. Hygrothermal test methodology 

The specific thermal properties determined as a function of the moisture content inside 

the LWC specimens are: the heat transmission coefficient or thermal transmittance, the 

thermal resistance and the thermal conductivity. 

 

In this way, four samples are placed on a thermal isolated frame using low thermal 

conductivity foam, located between the test lab environment and the hot-box chamber 

(see Fig. 5). The hot-box chamber controls the relative humidity and the temperature by 

means of the climatic generator set so that a dominant horizontal heat flow is achieved. 

 

The temperature, relative humidity and heat flow of the specimen sides are measured to 

determine the thermal properties of the samples in each test at steady state conditions. 

For each specimen, five hygrothermal SHT75 capacitive sensors and one HFP01 heat 

flux sensor are used (see Fig. 5(a-c)). Three hygrothermal sensors are placed on the 

inner side of the sample (see Fig. 5(d)), and the other two sensors on the external side 

(see Fig. 5(e)). These sensors are protected with filter caps type SF1 (see Fig. 5(a)) in 

order to measure the relative humidity and the temperature on the surfaces of the 
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specimens by means of a data acquisition system (see Fig. 6). Heat flux sensors are 

placed on the cold side of the samples at room environment (see Fig. 5(e)). Specifically, 

the hygrothermal conductivity test has taken about 18 hours to complete: 234 hours in 

total. 

 

Fig. 5. Hygrothermal test setup: (a) a filter cap type SF1, (b) a hygrothermal sensor type 

SHT75, (c) a thermal flux sensor type HP01, (d) specimens with three sensors type SF1 

located on the inner side, (e) specimens with two hygrothermal and one thermal flux 

sensors on the external side. 

 

Fig. 6. Data acquisition system from temperature and humidity sensors type SHT75. 

 

The main hygrothermal properties are obtained taking into account the following 

expressions [7, 22, 23]:  

q
U

T



 (2) 

1
se siR R R

U
    (3) 

L

R
   (4) 

where the value used for the surface thermal resistance of the specimen inside and 

outside the hot-box test chamber as a function of wind velocity is 0.04 m
2
K/W. 
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2.5. Tests conditions 

The test conditions of the experimental tests are: 

 Number of samples: six. 

 Test environment conditions tested: eleven. 

 Volume of each sample: 0.003 m
3
. 

 Precision weighing balance’s accuracy (for hygroscopic tests): 1.0 g, 10 kg is 

the maximum weight allowed. 

 Laboratory conditions: 123 ºC of temperature and 5.248 % of relative 

humidity. 

 Experimental setup: climatic chamber described in subsection 2.3, based on the 

standards [20-22] using the hot-box apparatus. 

 Test site: Moisture Laboratory at High Polytechnic Engineering College of 

Gijón (University of Oviedo, Principality of Asturias, Northern Spain). 

 

3. Experimental results 

The experimental results for the different mixes of LWC studied in this research work 

are follows as: 

 Hygroscopic sorption isotherm (see Eq. 1), used to describe the equilibrium 

moisture content of the material at a specified constant temperature [22]. 

 Hygrothermal conductivity or thermal conductivity for different moisture 

contents (see Eqs. 2, 3 and 4). 
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3.1. Hygroscopic sorption tests and results 

The experimental setup described previously is able to test the hygroscopic properties of 

several specimens at the same time (see Fig. 4).  

 

The sorption isotherms of the samples checked, the relative humidity as a function of 

the moisture content expressed in kg/m
3
, are shown in Figs. 7, 8 and 9. Table 3 shows 

the moisture content per unit mass (kg/kg) for the relative humidity points tested. 

 

Fig. 7. Sorption isotherms of the LWC samples type 1. 

 

Fig. 8. Sorption isotherms of the LWC samples type 2. 

 

Fig. 9. Sorption isotherms of the LWC samples type 3. 

 

Table 3 

Experimental results of the LWC moisture content per unit mass (kg/kg) for the relative 

humidity points tested. 

 

From the results obtained in the hygroscopic sorption tests, the following findings are: 
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 The testing methodology developed in this research work, based on the Standard 

ISO 12571:2000 [22], is useful to determine the hygroscopic sorption curve of 

different samples. 

 The sorption isotherms of the samples obtained in the tests (see Figs. 7, 8 and 9) 

and the moisture content per unit mass (see Table 3) show clearly that the 

moisture absorption is increased in the samples if their density is decreased. 

 

3.2. Hygrothermal conductivity tests 

The experimental measurement of the LWC hygrothermal properties is performed by 

means of the same experimental device (see Fig. 5d-e). Specifically, four specimens are 

located on a thermal isolated frame at the open front side of the hot-box apparatus. 

 

The temperature differences between the internal and external sides of the specimens 

located at the hot-box are greater than 15°C in all the tests. This value is recommended 

by the Standards [20, 21] for these thermal tests. The results obtained for the samples 

checked are shown in Fig. 10. Additionally, Table 4 shows only the experimental LWC 

thermal properties for a specific relative humidity equal to 50%. 

 

Fig. 10. Thermal conductivity () versus relative humidity () curves for the three 

different mixtures of LWC. 

 

Table 4 
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Experimental results of the LWC thermal properties for a relative humidity equal to 50%. 

 

Fig. 11 shows a set of thermal photographs of some specimens checked using the 

infrared thermographic camera ThermaCAM E300 from FLYR Systems Ltd. It is 

interesting to observe the evolution of the temperature on the cold side (outer face of the 

hot-box) for some samples as a function of the relative humidity inside the test chamber. 

In all cases, the temperature inside the hot-box is equal to 55ºC. 

 

Fig. 11. Thermal photographs of three samples for different relative humidities: 10% 

(left), 50% (middle) and 80% (right). 

 

Taking into account the results of the tests carried out, the following findings for the 

hygrothermal properties test of the LWC mixes are: 

 The hot-box test chamber provides a stable test environment in order to 

determine the thermal properties of building elements. 

 The laboratory values of the thermal properties belong to the usual range for this 

LWC material, achieving similar results on specimens of the same type (see 

Table 4). 

 Fig. 11 shows a set of nine thermal imaging photographs corresponding to three 

samples tested (1A, 2A and 3A) with different moisture contents (10%, 50% and 

80%). In all the rows and from left to right, the outside temperature is increased 

if the moisture content of the sample is also increased. Similarly, in all the 
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columns and from upper to lower, the outside temperature grows if the sample 

density is increased. 

 

4. Analytical solution and fitted curves 

In order to obtain the most suitable analytical expressions between the thermal 

properties, moisture content and density of LWC material, it is necessary to calculate 

the fitted curves from the previous experimental results. 

 

In this sense, the goodness of the fitted curves compared to the observed values is 

performed using the coefficient of determination as a significant statistic [24, 25]: 

 

 

2

2 1

2

1

ˆ
n

i i

i

n

i

i

Y Y

r

Y Y














 (5) 

In science and engineering it is often the case that an experiment produces a set of data 

points    nn yxyx ,,...,, 11 , where the abscissas n

kkx
1
are distinct. One goal of numerical 

methods is to determine a formula  xfy   that relates these variables. There are 

several different possibilities for the type of function that can be used. Usually, a class 

of allowable formulas is chosen and then the coefficients must be determined. Often 

there are underlying mathematical models, based on the physical process that will 

determine the form of the function [25, 26]. This is our case in this research work. 
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Suppose that we want to fit a nonlinear curve to data points. The original points 

   nn yxyx ,,...,, 11  in the xy-plane are transformed into the points    nn YXYX ,,...,, 11  in 

the XY-plane. The process that permits to transform a nonlinear fitted curve into a linear 

fitted curve applying a mathematical transformation in both sides of the equation and 

introducing a change of variables giving place to a linear relation is called data 

linearization. Finally, the least-squares line is determined minimizing the root-mean-

square error, that is to say, solving a linear system known as the Gaussian normal 

equations. 

 

Next, the fitted curves of several theoretical models have been carried out according to 

the following steps: 

1. Transformations for data linearization of the functions for several nonlinear 

theoretical models. Once the curve has been chosen, a suitable transformation of 

the variables must be found so that a linear relation is obtained. 

2. Finding the best fitted curve with least squares fitting technique using the 

MATLAB software [26]. 

3. Refinement of the previous best-fit parameters using a quasi-Newton method. A 

significant weakness of Newton's method for solving systems of nonlinear 

equations is that, for each iteration, a Jacobian matrix must be computed and a 

nn  linear system solved that involved this matrix. In this work, a 

generalization of the Secant method to systems of nonlinear equations known as 

Broyden's method [25] is considered. This method replaces the Jacobian matrix 

in Newton's method with an approximate matrix for each iteration. 
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4.1. Hygroscopic fitted curves 

In order to obtain the hygroscopic fitted curves, the three most well-known theoretical 

models to represent the sorption isotherms curves are used: 

 The Kunzel model [27, 28]: This model is used by the WUFI moisture transport 

simulation software, developed at the Fraunhofer-Institut für Bauphysik of 

Stuttgart. Its mathematical expression is: 

 
lim

1
( )

b
w w

b






 



 (6) 

where limw and b are the coefficients of the fitted curve. 

 The Kumaran model: The catalogue of material properties published in the 

Annex 14 of the International Energy Agency (IEA) [29, 30], proposes the 

following function: 

2
( ; , , )w a b c

a b c




 


 
 (7) 

where a, b and c are the coefficients of the fitted curve. 

 The Burch model: It was developed by the United States Department of Energy 

for the MOIST simulation program [31, 32] as follows: 

1
( ; , ) 1

1

B

w A B A


 
  

 
 (8) 

where A and B are the coefficients of the fitted curve. 
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In order to fit the experimental data of hygroscopic sorption tests, the functions of the 

above mentioned theoretical models are used. The values of the coefficients obtained in 

each of the fitted curves are shown in Table 5. 

 

Table 5 

Coefficients of the fitted curves for the hygroscopic tests. 

 

Fig. 12. Hygroscopic fitted curves for the LWC type 1. 

 

Fig. 13. Hygroscopic fitted curves for the LWC type 2. 

 

Fig. 14. Hygroscopic fitted curves for the LWC type 3. 

 

Next, the goodness of fit in each of the curves can be observed in Fig. 15: 

 

Fig. 15. The goodness of fit as a function of the coefficient of determination (r
2
) for the 

hygroscopic tests. 

 

From the previous results, it is obtained the following findings: 

 The coefficient of determination indicates that the fitted curves to the theoretical 

models developed for the IEA (Kumaran model) and the MOIST program [31, 

32] (Burch model) are the most appropriate to reproduce the hygroscopic 
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behavior of the tested LWCs. Specifically, the fitted function developed by 

Burch is a bit better than the Kumaran model. 

 The function developed by Kunzel for the WUFI program [27, 28] is the worst-

fitting curve and it does not fulfill the requirements of the minimum required 

goodness. 

 

Therefore, in the hygrothermal fitted curves we will use the Burch model to obtain the 

moisture content per unit mass as a function of relative humidity for each type of LWC 

tested. 

 

4.2. Hygrothermal fitted curves and response surface 

The conversion of thermal values from a set of conditions  1  to another set of 

conditions  2  is carried out in accordance with the following expression [19]: 

amT FFF  12   (9) 

In this case, it is assumed that there is no influence of the aging  1aF  and the 

temperature variation  1TF . The standard rule UNE-EN ISO 10456 [19] establishes a 

conversion factor,
imF , for the moisture content as a function of the moisture content per 

unit mass for the i-th set of conditions, ui, through the conversion coefficient, uf . In this 

investigation, we have determined u as a function of the relative humidity using the 

Burch model as it is indicated in the previous subsection 4.1, giving place to the 

following equation for the conversion factor [19]: 
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    50%u i

i

f u u

mF e





  (10) 

Until now, Table A.20 in Annex A of the standard rule UNE-EN ISO 10456 [19] takes 

a conversion coefficient 4uf   with a moisture content per unit mass ranging from 0 to 

0.25 kg/kg, in case of that the expanded clay is used as main aggregate. 

 

Next, Figs. 16, 17 and 18 show the fitted curves corresponding to the thermal 

conductivity as a function of the relative humidity for the following cases: 

1. Value recommended by the standard rule [19] ( 4uf  ):  

 
  50%

50%

u if u u
e


  


   (11) 

2. Value of conversion coefficient different from the standard rule ( 16uf  ): 

 
  50%

50%

u if u u
e


  


   (12) 

3.  A cubic function : 

3 2( ) a b c d            (13) 

where a, b and c are the coefficients of the fitted curve. 

4. A logistic function for the conversion coefficient 4uf   (Logistic plus 

Standard): 

50%

1
( )

1

B

B

m e
A

n e




  





 
  

 

 (14) 
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where A and B are the coefficients of the fitted curve. 

Fig. 16. Fitted curves corresponding to the thermal conductivity as a function of the 

relative humidity for the LWC Type 1. 

 

Fig. 17. Fitted curves corresponding to the thermal conductivity as a function of the 

relative humidity for the LWC Type 2. 

 

Fig. 18. Fitted curves corresponding to the thermal conductivity as a function of the 

relative humidity for the LWC Type 3. 

 

 

In this sense, Fig. 19 shows the goodness of fit as a function of the coefficient of 

determination, 2r , for all the LWC mixes from the laboratory tests. Specifically, the 

coefficient of determination for the recommended value of the standard rule ranges from 

0.28 to 0.33; for the modified value 16uf  , it ranges from 0.66 to 0.83; for the cubic 

function, it ranges from 0.95 to 0.97; and finally, it ranges from 0.95 to 0.96 for the 

logistic function. 

 

Fig. 19. The goodness of fit as a function of the coefficient of determination (r
2
) for the 

hygrothermal tests. 

 

The response surface corresponding to the thermal conductivity as a function of the 

density and the relative humidity for the conversion coefficient 4uf   [19] corrected by 

a logistic function is as follows: 
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As might be observed in Fig. 20, the thermal conductivity surface grows if the relative 

humidity and the material density are increased according to the previous results [7, 11]. 

 

Fig. 20. Response surface for specimens made up of the expanded clay (main 

aggregate) corresponding to the fitted curve according to the Standard  4uf  [19], 

amended by a logistic function. 

 

Table 6 shows the specific values of the LWC thermal conductivity as a function of the 

most representative values of the density with respect to the relative humidity within the 

range studied. 

 

Table 6 

Values of the LWC thermal conductivity as a function of the most representative values 

of the density with respect to the relative humidity. 

 

 

5. Conclusions 

Based on the experimental results and numerical fitting study of this investigation, the 

following findings can be drawn: 

1. A new experimental procedure for the calculation of the hygroscopic sorption 

isotherm curves based on the standard UNE-EN ISO 12571:2000 [22] was 
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developed, and it was applied to the study of the hygroscopic properties of three 

different LWC mixes with success. 

2. We have compared the experimental results with the theoretical models 

developed by Kumaran, Burch and Kunzel [27-32] and we have calculated the 

best fitting parameters in each one of them. As a consequence, it is shown that 

the Burch model is the most suitable to reproduce the actual hygroscopic 

behavior of the LWCs tested. 

3. A new testing methodology was built to obtain the hygrothermal properties 

based on the standards UNE-EN ISO 8990 and ASTM C 1363 [20, 21], and it 

was applied to the study of the hygrothermal behaviour of three different LWC 

mixes. 

4. From the hygrothermal tests, the best-fitting curves based on analytical functions 

and the standard rule UNE-EN ISO 10456 [19] have been obtained. It is possible 

to state that the values of the conversion coefficients used in the standard rule in 

case of expanded clay as the main aggregate of the LWC material must be 

updated according to our laboratory tests. 

 

Finally, this research work proposes for all the LWC mixes, with densities between 900 

and 1400 kg/m
3
 and moisture content ranging from 0 to 0.25 kg/kg, a change of the 

standard rule’s conversion coefficients from 4 to 16 (see Table A.20. of the standard 

[19]). Other two feasible possibilities are: 

 A logistic function with a conversion coefficient 4uf . This fitted curve shows 

a hygrothermal behavior in agreement with the laboratory tests. 
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 A cubic function also presents a good fit from the hygrothermal point of view 

according to the laboratory tests. 
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Table 1  

Mix proportions of the LWC samples. 

Composition 

 

SAMPLE 

LWA
(*)

 

(kg) 

LWS
(*)

 

(kg) 

Silica sand 

(kg) 

Cement 

(kg) 

Water 

(kg) 

1A 0.84 0.72 0.48 0.495 0.36 

1B 0.84 0.72 0.48 0.495 0.36 

2A 0.78 0.72 0.675 0.54 0.36 

2B 0.78 0.72 0.675 0.54 0.36 

3A 0.84 0 2.4 0.54 0.39 

3B 0.84 0 2.4 0.54 0.39 

(*)
Note: LWA: 4-12.5 mm particle diameter, and LWS: 1-5 mm particle diameter. 

 

 

 



 

 

Table 2  

Densities of the LWC determined in this investigation during the manufacturing process. 

 

 

Sample 

Fresh density 

(kg/m
3
) 

Oven dry 

density 

(kg/m
3
) 

Equilibrium 

density 

(kg/m
3
) 

1A 1027 953 973 

1B 992 948 971 

2A 1055 979 999 

2B 1058 1,001 1,026 

3A 1460 1,353 1,373 

3B 1460 1,338 1,362 

 

 

 



 

 

Table 3 

Experimental results of the LWC moisture content per unit mass (kg/kg) for the relative 

humidity (%) points tested. 

  (%) 

LWC 

type 
10 15 22 35 50 65 75 80 85 95 

1 0.0111 0.0134 0.0150 0.0165 0.0179 0.0194 0.0209 0.0225 0.0238 0.0251 

2 0.0102 0.0127 0.0147 0.0161 0.0176 0.0195 0.0209 0.0224 0.0237 0.0250 

3 0.0069 0.0086 0.0099 0.0110 0.0119 0.0131 0.0138 0.0148 0.0158 0.0166 

 

 

 

 



 

Table 4 

Experimental results of the LWC thermal properties for a relative humidity equal to 50%. 

Sample 
Density 

(Kg/m
3
) 

q 

(W/m
2
) 

T    

(K) 

U 

(W/m
2
K) 

R 

(m
2
K/W) 

 

(W/mK) 

 

(%) 

1A 973 96.357 19.647 4.904 0.284 0.176 50 

1B 971 95.839 20.058 4.778 0.289 0.173 50 

2A 999 93.319 17.598 5.303 0.269 0.186 50 

2B 1,026 94.533 17.549 5.387 0.266 0.188 50 

3A 1,373 115.260 13.075 8.815 0.193 0.258 50 

3B 1,362 114.068 13.142 8.680 0.195 0.256 50 

 

 



 

Table 5 

Coefficients of the fitted curves for the hygroscopic tests. 

 

Kunzel model 

(WUFI)  

Kumaran 

model (IEA)  

Burch model 

(MOIST) 

LWC type 1 
     

limw   23.9438 a  04039605.0  A  17.6040545 

b  22.0  b  0.0743672 B  0.16239767 

  

c  0.00134979 

  LWC type 2   

 

      

limw   24.8773 a  03632732.0  A  17.9412727 

b  25.0  b  0.06867017 B  0.16754437 

  

c  0.00222107 

  LWC type 3   

 

      

limw  21.8496 a  03991617.0  A  15.9342307 

b  23.0  b  0.0769837 B  0.16351604 

  

c  0.0023988 

   



 

 

 

 

Table 6 

Values of the LWC thermal conductivity as a function of the most representative values of 

the density with respect to the relative humidity. 

Standard 

+ Logistic 
ρ (kg/m

3
) 

 (%) 900 950 1,000 1,050 1,100 1,150 1,200 1,250 1,300 1,350 1,400 

0 0.136 0.154 0.171 0.185 0.199 0.211 0.221 0.230 0.237 0.243 0.247 

5 0.137 0.155 0.171 0.186 0.199 0.211 0.222 0.231 0.238 0.244 0.248 

10 0.137 0.155 0.172 0.187 0.200 0.212 0.223 0.231 0.239 0.244 0.249 

15 0.138 0.156 0.172 0.187 0.201 0.213 0.223 0.232 0.240 0.245 0.250 

20 0.138 0.156 0.173 0.188 0.202 0.214 0.224 0.233 0.241 0.246 0.251 

25 0.139 0.157 0.174 0.189 0.203 0.215 0.225 0.234 0.242 0.247 0.252 

30 0.140 0.158 0.175 0.190 0.204 0.216 0.227 0.236 0.243 0.249 0.253 

35 0.140 0.159 0.176 0.191 0.205 0.217 0.228 0.237 0.244 0.250 0.254 

40 0.142 0.160 0.177 0.193 0.207 0.219 0.230 0.239 0.246 0.252 0.256 

45 0.143 0.162 0.179 0.195 0.209 0.221 0.232 0.241 0.248 0.254 0.258 

50 0.145 0.164 0.181 0.197 0.211 0.224 0.234 0.243 0.251 0.256 0.260 

55 0.147 0.167 0.184 0.200 0.215 0.227 0.238 0.247 0.254 0.260 0.264 

60 0.150 0.170 0.188 0.205 0.219 0.232 0.243 0.251 0.259 0.264 0.268 

65 0.155 0.176 0.194 0.211 0.226 0.238 0.249 0.258 0.265 0.270 0.273 

70 0.161 0.183 0.202 0.219 0.234 0.247 0.258 0.267 0.273 0.278 0.281 

75 0.170 0.193 0.213 0.231 0.247 0.260 0.270 0.278 0.285 0.289 0.291 

80 0.182 0.207 0.228 0.247 0.263 0.276 0.287 0.295 0.300 0.303 0.304 

85 0.198 0.224 0.248 0.268 0.285 0.298 0.309 0.316 0.321 0.322 0.322 

90 0.217 0.246 0.272 0.294 0.312 0.326 0.336 0.343 0.347 0.347 0.345 

95 0.240 0.272 0.299 0.323 0.343 0.358 0.369 0.376 0.379 0.378 0.374 

100 0.263 0.298 0.329 0.355 0.377 0.394 0.406 0.413 0.415 0.414 0.408 

 

 



 

 

 

Fig. 1. Expanded clay aggregates used in this research: LWA (left) and LWS (right). 

 

 

Figure



 

 

 
Fig. 2. Scheme of the experimental facility layout. 

 



 

 

 
Fig. 3. Photographs of the climatic chamber (left) and hot-box apparatus (right). 

 



 

  

Fig. 4. Experimental setup (left) and specimens located inside the hot-box test chamber 

(right) for hygroscopic tests. 

 

 



 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

Fig. 5. Hygrothermal test setup: (a) a filter cap type SF1, (b) a hygrothermal sensor type 

SHT75, (c) a thermal flux sensor type HP01, (d) specimens with hygrothermal sensors 

located on the inner side, (e) specimens with hygrothermal and thermal flux sensors on the 

external side. 

 

 



 

 
Fig. 6. Data acquisition system from temperature and humidity sensors type SHT75. 

 

 



 

 

Fig. 7. Sorption isotherms of the LWC samples type 1. 

 



 

 

Fig. 8. Sorption isotherms of the LWC samples type 2. 



 

 

Fig. 9. Sorption isotherms of the LWC samples type 3. 



 

 

Fig. 10. Thermal conductivity () versus relative humidity () curves for the three different 

mixtures of LWC. 



 

 
Fig. 11. Thermal photographs of three samples for different relative humidities: 10% (left), 

50% (middle) and 80% (right). 

 



 

 

Fig. 12. Hygroscopic fitted curves for the LWC type 1. 

 



 

 

 

Fig. 13. Hygroscopic fitted curves for the LWC type 2. 

 



 

 

 

 

Fig. 14. Hygroscopic fitted curves for the LWC type 3. 

 

 



 

 

Fig. 15. The goodness of fit as a function of the coefficient of determination (r
2
) for the 

hygroscopic tests. 

 

 



 

 

Fig. 16. Fitted curves corresponding to the thermal conductivity as a function of the relative 

humidity for the LWC Type 1. 

 

 

 



 

 

Fig. 17. Fitted curves corresponding to the thermal conductivity as a function of the relative 

humidity for the LWC Type 2. 

 

 

 



 

 

Fig. 18. Fitted curves corresponding to the thermal conductivity as a function of the relative 

humidity for the LWC Type 3. 

 

 



 

 

Fig. 19. The goodness of fit as a function of the coefficient of determination (r
2
) for the 

hygrothermal tests. 

 



 

 

 

Fig. 20. Response surface for specimens made up of the expanded clay (main aggregate) 

corresponding to the fitted curve according to the Standard  4uf  [19], amended by a 

logistic function. 

 




