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A B S T R A C T   

The aim of this paper is to investigate the thermal behavior of composite building materials comprised of silt and 
flax fibers, considering various initial conditions. The experiments were conducted on flax fibers alone, exam
ining factors such as moisture content variation, fibers arrangement, and density. Subsequently, the thermal 
properties of the earth-flax fiber composite were studied, taking into account the influence of water content and 
fibers mass content. The thermal properties of both flax fibers and raw earth-flax fibers composite specimens 
were determined using the experimental unsteady-state method. The results indicate that the thermal conduc
tivity and heat capacity of flax fibers increase with density, temperature, and moisture content. Regardless of 
fibers density and arrangement of fibers, linear relationships have been established for both thermal conductivity 
and heat capacity as functions of temperature. Additionally, it was demonstrated that the heat capacity and the 
thermal conductivity increase with water content, regardless of the percentage of added fibers. Moreover, mixing 
randomly flax fibers with compacted raw earth material has improved the thermal properties of the composite. 
This improvement pertains to its insulating capacity, ability to store heat, and, subsequently, its contribution to 
the thermal comfort provided by such earth composite material when used as a building material.   

1. Introduction 

For thousands of years, human civilizations have used raw earth as a 
basic building material. According to the International Center for 
Earthen Construction, one-third of the world’s population lives in raw 
earth habitats [17,19,25]. Nowadays, there has been a renewed interest 
in this material owing to its mechanical and hydrothermal benefits (see, 
for instance, [9]; [21,42,6]). Regarding the hygrothermal aspect, 
numerous studies have shown that raw earth-based materials have been 
considered effective in reducing energy consumption in construction 
and enhancing the hygrothermal comfort of buildings [25,35,42]. They 
are manufactured from natural raw materials—local soils and agricul
tural products—and require simple in situ production processes, making 
them environmentally friendly and non-polluting. Earth construction 

materials can be found in various forms, including adobes, compressed 
earth bricks, concrete, and cob [22,26,39,41,42,50,6,7]. Nevertheless, 
the choice of a raw earth-based eco-material must adhere to specific 
criteria regarding allowable mechanical resistance [17,19], durability, 
rigidity/ductility, as well as heat and moisture transfer properties. 

Previously, research on bio-based and earth-based materials has 
been essentially focused on mechanical performance [6,38,47] and 
shrinkage [43,44]. However, these materials offer additional benefits 
that necessitate investigation, particularly those related to hygrothermal 
properties. Indeed, literature has recently begun to mention the positive 
impact of earth on hygrothermal comfort, prompting studies to thor
oughly examine the properties of composite earth materials [10,18,25, 
42]. 

Recently, researchers have shown a growing interest in the thermal 
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properties of vegetal fibers [1,10,23,42,6], as well as in raw 
earth-vegetal fibers construction materials (Hall & Allison, 2009; [40, 
50,42,6]). In this context, several researchers have conducted experi
mental studies to measure the thermal conductivity of vegetal fibers. As 
a non-exhaustive example, [23] conducted a comparison of the thermal 
conductivity, thermal diffusivity, and specific heat capacity properties 
of different types of fibers. It was demonstrated that straw fibers exhibit 
favorable thermal properties compared to other vegetal fibers, such as 
thatch. For instance, for straw fibers with a density of 60 kg/m3, the 
thermal conductivity, thermal diffusivity, and specific heat capacity 
were recorded as 0.067 W/ (m. K), 18.2× 107 m2/s and 600 J/ (kg. K), 
respectively. Additionally, studying the role of fibers density on thermal 
conductivity, Vaitkus [46] concluded that this property decreases with 
an increase in fibers density. For example, 1) regarding chopped flax 
fibers, the thermal conductivity varies from 0.052 to 0.045 W/ (m. K) 
with an increase in density from 40 to 100 kg/m3. 2) Regarding combed 
longue flax fibers, the thermal conductivity decreases from 0.044 to 
0.034 W/ (m.K) as the density increases from 40 to 100 kg/m3. Brouard 
et al. [10] measured the thermal conductivity of rape straw and sun
flower fibers. For densities ranging from 15.9 to 129.3 kg/m3, the 
thermal conductivity of both two types of fibers varied from 0.036 to 
0.053 W/ (m. K). Additionally, Abbas et al. [1] examined the thermal 
conductivity of hemp and sunflower using a transient measurement 
method. The results indicate that the thermal conductivity of hemp is 
approximately 0.07 W/ (m. K) at a density of 100 kg/m3, while for 
sunflower, it is around 0.05 W/ (m. K) at a density of 14 kg/m3. The 
thermal conductivity value obtained for sunflower is close to findings by 
Magniont [33] and Chabannes et al. [13]. These results demonstrate 
comparability to synthetic insulation materials such as expanded poly
styrene or glass wool, which typically exhibit thermal conductivities 
ranging from 0.03 and 0.04 W/ (m. K). 

Regarding the thermal properties of composite materials, particu
larly raw earth composites involving fibers-matrix mixing, several 
studies [26,42,6,7] have demonstrated the impact of water content on 
thermal conductivity and heat capacity. Their results generally indicate 
that both parameters increase linearly with water content. For instance, 
Hibouche [26] measured the thermal conductivity of a raw earth con
crete comprising silt, mineral binders (cement and lime), and natural 
flax fibers as a function of water content. Operating in the steady-state, 
the thermal conductivity increases linearly from 0.564 to 1.167 W/ (m. 
K) as the water content ranges from 0% to 29%. Furthermore, using the 
unsteady state method, Hibouche, [26] has demonstrated that the 
thermal conductivity and the heat capacity vary linearly, respectively, 
within the same ranges of water content, from 0.4 to 1.4 W/ (m. K) and 
from 1.5 to 2.9 MJ/ (m3. K). The corresponding raw earth concrete 
exhibits approximately three times more insulation than cement con
crete. Moreover, numerous researchers examining the hydrothermal 
behavior of raw earth-vegetal fibers composites have evaluated the 
impact of vegetal fibers content on the hydrothermal properties. For 
instance, Phung et al. [42] examined the influence of water and fibers 
contents on the thermal conductivity of various cob formulations. Two 
types of soil were used: one comprised 26.7% gravel, 40.5% sand, and 
2.8% silt, while the other consisted of 26% gravel, 35.5% sand, and 8.5% 
silt and clay. Straw fibers contents ranging from 0% to 3% were added to 
these soils. The results revealed that, for both composite materials, 
thermal conductivity decreased with added fibers content but increased 
with increased water content. At a fibers content of 3%, the thermal 
conductivity was measured at 0.65 W/ (m. K) for the first soil and 
0.59 W/(m. K) for the second soil. They concluded that the second 
material might offer better thermal comfort for construction purposes. 
Furthermore, Mazhoud et al. [35] examined the impact of clay stabili
zation and hemp content on hygrothermal properties. Various factors 
were identified, such as the sorption isotherm, moisture buffering ca
pacity, and thermal conductivity. From the results, for the two types of 
binders, the thermal conductivity ranges from 0.089 to 0.12 W/ (m. K) 
in the dry state and increases linearly versus density and water content. 

They conclude that these composites exhibit high thermal qualities, 
making them suitable for insulation. Other authors, such as Azil et al. 
[6], evaluated the impact of temperature, relative humidity (RH), and 
wind velocity variations on the thermal conductivity of cob and 
light-earth materials in a climatic chamber under winter and summer 
conditions. The thermal conductivity measurements conducted under 
summer and winter conditions established correlations between the 
thermal conductivity, density, and water content of the two studied 
materials under evaluation. It decreased as the water content reduced, 
reaching values of 1.31–0.48 W/ (m. K) in summer (with temperatures 
ranging from 0 to 40◦C) and from 1.27 to 0.58 W/ (m. K) in winter 
(temperature ranges from − 10–20◦C). They concluded that the kinetics 
of thermal conductivity in relation to density and water content exhibit 
similarities in summer and winter conditions. 

Reviewing the literature on biosourced materials reveals that very 
few authors have studied the thermal properties of plant/vegetal fibers. 
According to the author’s knowledge, the role of fibers disposition and 
arrangement (longitudinal and random) on heat transfer properties has 
not yet been explored, and consequently, the impact of adding fibers on 
the thermal properties of raw earth composite building materials re
mains unexamined. Subsequently, this study focuses on the thermal 
properties of a raw earth-flax fibers composite using a transient transfer 
method. First, the thermal conductivity and the heat capacity of flax 
fibers alone were measured, taking into account the impact of water 
content, temperature, arrangement, and density. Then, these same 
thermal properties were measured for the raw earth-flax fibers com
posite, considering the influence of both water and fibers contents 
separately. 

2. Materials and methods 

2.1. Materials 

2.1.1. Raw earth 
The raw earth material (see Fig. 1) is a soil abundant in Gonfreville 

l’Orcher, Le Havre, Normandy, in France. Two methods were employed 
to determine the particle size distribution of this soil: sedimentary 
analysis for fine particles smaller than 0.075 mm in diameter and sieve 
grain size analysis for coarser particles ranging from 0.075 mm to 
100 mm. The soil comprises approximately 67% sand (ranging from 
0.06 mm to 2 mm), about 25% silt (ranging from 2 μm to 60 μm), and 
8% gravel (< 2 mm). Additionally, it is classified as silty sand SL (SM) 
soil according to the Unified Soil Classification System (USCS) and the 
ASTM D2487–11 standard. 

Fig. 1. Silty-Sand soil from the field.  
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2.2. Flax fibers 

The fibers are natural, cut to 70 mm in length (see Fig. 2), dried, and 
stored under ambient conditions. The mechanical properties of these 
fibers are as follows: Young’s modulus E = 40–80 GPa, ultimate strain σu 
= 2.4–3.3%, and ultimate stress σu = 800–2000 MPa [17,19]. 

3. Samples preparation 

3.1. Flax fibers samples 

A cylindrical PVC tube with a constant diameter (d) of 40 mm and 
length (l) of 70 mm was utilized for flax fibers specimens to achieve 
various densities ranging from 100 to 400 kg/m3. In this context, the 
various weights of dried flax fibers were measured, and then the density 
of the specimens was calculated using the constant volume of the PVC 
tube (V = π×d2

4 × l). With a constant volume and varying mass of fibers 
(m), the density was calculated by dividing the mass of fibers in kg by 
the volume (V) of PVC tube, ρ = m

V (kg/m3). Two different arrangements 
of the flax fibers in the constant volume of the PVC tube —longitudinal 
and random arrangements— were considered across different densities 
(see Table 1). Flax fibers were compacted and fitted into the PVC tube 
with these various arrangements and densities. 

3.2. Raw earth-flax fibers composite samples 

The raw earth-flax fibers samples were prepared through static 
compaction in a Proctor mold. The fibers are added randomly, with a 
content by mass ranging from 0% to 3%. The samples were with a fixed 
diameter of 100 mm and a thickness of 50 mm. They were compacted at 
a dry density of γd=17 kN/m3 and an optimum moisture content (OMC) 
of 14% (see Table 1). The physical characteristics of the samples, 
including density, water content, and porosity, were deduced from the 
measurement of the sample total volume by immersed weighing using 
non-wetting Kerdane Oil. By knowing the volume of the solid matrix, 
volume of the pores could be deduced [8]. 

Starting from the initial compaction state (γd = 17 kN/m3 and w =
14%), the samples were wetted until full saturation (by calculating the 
degree of saturation and then deducing the moisture content at satura
tion, wsat). Indeed, the degree of saturation is defined by the following 
Eq. 1: 

Sr =
w × Gs

e
(1) 

Assuming that γd is constant and given the specific gravity of the soil 
Gs =

γs
γw

, the void ratio e = γs
γd
− 1 was obtained, and then the degree of 

saturation was determined. Clearly, the moisture content at saturation, 
wsat, corresponds to Sr = 1. Fig. 3 represents the path followed, Sr = f(w), 
to obtain the water content during the experiment until full saturation is 
reached. Subsequently, starting from the moisture content at saturation, 
the specimens were dried in the oven at a fixed temperature (drying 
path, Fig. 4) to achieve the desired water content, which was continu
ously measured. 

3.3. Experimental methods 

For measuring the thermal properties, including thermal conduc
tivity and heat capacity, of both flax fibers alone and raw earth-flax fi
bers samples, the thermal unsteady-state method was used. This method 
is often used for homogeneous and heterogeneous materials with high 
moisture content, and it adheres to the standard ISO 8894–2 1990. The 
thermal unsteady-state method is based on heat dissipation analysis and 
entails introducing a heat source into the sample (either flax fibers or 
raw earth-flax fibers samples) to generate a heat pulse within it. Initially, 
the temperature in the specimen was set at a fixed temperature of T0, 
and then its variation within the sample was recorded throughout the 
experiment. The variation of temperature within the sample was 
recorded, and the recording ceased upon reaching the initial tempera
ture T0 once again. The advantage of this method, compared to the 
steady-state method, lies in the instantaneous nature of the results, 
allowing for the tracking of heat exchange capacity over time. The 
thermal conductivity and heat capacity of the flax fibers and raw earth- 
flax fibers materials were measured using a commercial analyzer of the 
METER Group company (TEMPOS, Meter Group, Inc., Pullman, WA, 
USA, accuracy: 10%). The TEMPOS portable device used for these 
thermal measurements (as shown in Fig. 5) is a data acquisition unit 
equipped with different sensors (SH-3, TR-3, KS-3, and RK-3) depending 
on the type of the studied material. For this study, the SH-3 dual-needle 
sensor was used for both the raw earth and the composite raw earth-flax 
fibers samples. Meanwhile, the KS-3 single-needle sensor was used for 
analyzing the thermal properties of flax fibers samples. The character
istics of the SH-3 and KS-3 sensors are summarized in Table 2. 

These needles are to be inserted into the samples and serve a dual 
purpose, functioning as both temperature sensors and heat sources 
simultaneously (Fig. 6.a and Fig. 6.b). Firstly, an electric current is 
applied through the sensor to heat the sample. The temperature, 
measured by a thermocouple installed in the middle of this sensor, is 
recorded as a function of time. Then, the thermal conductivity of the 
sample is calculated from the temperature variation over time and the 
heat flux. After this, the thermal diffusivity and the heat capacity are 
deduced. The TEMPOS device maintains minimal heating times due to 
water movement and free convection, thereby ensuring a short duration 
for each measurement according to specific methods. The test duration 
is approximately 150 seconds, divided as shown in Fig. 7. These algo
rithms and theories are derived from the research conducted by Knight 
et al. [31], who explain the transformation of Blackwell’s solution into 
the time domain. This work has been extensively utilized in TEMPOS 
devices to produce improved algorithms, including both single-needle 
and dual-needle algorithms. 

In the single-needle algorithm, a linear heat source (KS-3 thermal 
needle) is introduced into the sample, resulting in an increase in tem
perature from an initial temperature T0 at a distance r from the axis of 
the source. The equation used for single-needle sensors, 

ΔT = T − T0 =
( q

4π λ

)
ln(t)+C (2)  

Fig. 2. Flax fibers with the length of 70 mm.  
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Where T (K) and T0 (K) denote the temperature and initial temperature, 
respectively. q (W/ m), λ (W/ (m. K)) represent the heat flux and thermal 
conductivity, respectively, while t (s) signifies time. Eq. 2 illustrates that 
the conductivity is proportional to the inverse of the slope when the 
temperature difference (ΔT) is plotted versus ln(t). The values of λ, and C 
are determined by least squares [34]. 

In the dual-needle algorithm, heat is applied from the heated needle 
for a set heating time after initialization, th = 30s, and the temperature 
is measured in the monitoring needle 6 mm away during both the 
heating and cooling periods following heating. The monitored temper
ature data are fitted to Eq. 3 and Eq. 4 using a least squares procedure. 

ΔT =
( q

4πλ

)
Ei
(
− r2

4Dt

)

.t ≤ th (3)  

ΔT =
( q

4πλ

){

Ei
[

− r2

4D(t − th)

]

− Ei
[
− r2

4Dt

]}

., t ≥ th (4) 

Where ΔT is the temperature rise at the measuring needle, q is the 
heat input at the heated needle (W/ m), λ represents the thermal con
ductivity (W/ (m. K)), r (m) is the distance from the heated needle to the 
measuring needle (m), D is the thermal diffusivity (m2.s− 1), th is the 
heating time (s), and Ei is the exponential integral, approximated using 
polynomials [2]. 

From the experiment, the values of q, r, t, and th are known, enabling 
to solve the equations for thermal conductivity, λ and thermal diffu
sivity, D. Subsequently, we search for the value of D that minimizes the 
squared differences between measured and modeled temperatures. This 
method yields the global minimum and, if structured correctly, is as 
efficient as traditional nonlinear least squares methods. Once λ and D are 

Table 1 
Different cases studied for the measurement of thermal properties.  

Samples Properties Dimensions 

Raw earth 
Compacted silty-sand 

Density γd (kN/m3) 
17 
Water content w varies from 0% to 20% 

Earth-fibers mixture 
Silty-sand reinforced with random flax fibers content of 1% and 3% 

Density γd (kN/m3) 
17 
1% of fibers 
Water content w varies from 0% to 23% 
3% of fibers 
Water content varies from 0% to 26% 

Flax fibers alone 
Random 
arrangement 

Density γd (kN/m3) 
100, 200,300 and 400 

Flax fibers alone 
Longitudinal 
arrangement 

Density γd (kN/m3) 
100, 200,300 and 400 
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determined, the volumetric specific heat capacity, c (MJ/ (m3. K)) can be 
calculated by Eq. 5. 

c =
λ
D

(5)  

4. Results and discussions 

4.1. Flax fibers 

4.1.1. Thermal conductivity of flax fibers 

4.1.1.1. Effect of water content on thermal conductivity for different den
sities of fibers. The thermal conductivity λ [W/ (m. K)] of flax fibers was 
measured as a function of water content for different densities. To pre
pare samples with different water contents, the flax fibers were first 
saturated and then subjected to centrifugation to speed up the drying 
process. As a first step, a calibration curve correlating the fibers’ water 
content with centrifugation speed was established, as demonstrated in  
Fig. 8. This calibration allows for the control of the fibers’ arrangement 
with different initial water contents. Subsequently, using the TEMPOS 
thermal analyzer described in section II.3, the thermal conductivity of 
flax fibers at the desired water content was measured. Fig. 9 illustrates 
that the thermal conductivity increases linearly with water content, 
regardless of the fibers’ density. For instance, in the case of fibers with a 
density of 400 kg/m3, the thermal conductivity increases from 0.067 W/ 
(m. K) to 0.36 W/ (m. K) with a slope of 2.9× 10− 4 W/ (m. K). Indeed, 
the higher the moisture content of the fibers, the more heat they 
conduct, since the thermal conductivity of water is approximately 
0.62 W/ (m. K) [29], whereas that of dry fibers is approximately 
0.0668 W/ (m. K). 

Moreover, the slope (Δλ
Δw) for a linear variation of thermal conduc

tivity as a function of the water content increases with the fibers’ den
sity. It varies from 3.4× 10− 4 to 2.93× 10− 3 W/ (m. K) when the density 
increases from 100 to 400 kg/m3. These results highlighted both the 
effects of water content and density on heat diffusion. For high densities 
of flax fibers, the dependence of thermal conductivity on water content 
is more sensitive. 

Additionally, denser flax fibers conduct heat more effectively for a 
given water content (as shown in Fig. 10). For instance, at a water 
content of 60%, the thermal conductivity increases from 0.058 W/ (m. 
K) to 0.24 W/ (m. K) as the density varies from 100 kg/m3 to 400 kg/m3. 
This occurs because there is less void space between fibers, leading to 
decreased porosity and fewer air gaps as the density increases. However, 
since air is a good insulator (λ = 0.025 W/ (m. K), [29]), compared to the 
flax fibers, the denser fibers conduct heat more efficiently. 

4.1.2. Effect of the initial temperature on the thermal conductivity of the 
fibers 

To evaluate the impact of the mean temperature across the sample on 
the heat diffusion capacity of flax fibers, tests were conducted to mea
sure the thermal conductivity λ, at various temperatures, densities, and 
fibers arrangements. The flax fibers samples were prepared with den
sities ranging from 100 to 400 kg/m3 and then placed in a temperature- 
controlled climate chamber. Once their temperature stabilized, the 
thermal conductivity was measured. The temperature ranged from 
299.15 K to 328.15 K, and two arrangements of fibers, random and 
longitudinal, were considered for these tests (see Table 1). Fig. 11 and  
Fig. 12 demonstrate that, regardless of the density and arrangement, the 
variation of the thermal conductivity increases with the mean temper
ature following a linear formula presented in Eq. 6. This equation de
picts a consistent slope of 0.0003, irrespective of the fibers’ density and 
arrangement. The slope of this relation (a) is an intrinsic physical 
parameter that characterizes the conductive thermal behavior of flax 
fibers. 

Fig. 3. Degree of saturation evolution versus water content.  

Fig. 4. Wetting/Drying processes for varying the water content of raw earth – 
flax fibers samples. 

Fig. 5. The TEMPOS thermal properties analyzer with KS-3 and SH-3 sensors.  

Table 2 
Sensor’s characteristics.  

SH-3 dual-needle sensor KS-3 single-needle sensor 

Dimensions 
1.3 mm diameter × 30 mm length 
6 mm spacing between needles 

Dimensions 
1.3 mm diameter × 60 mm length 

Type of materials 
Solid and granular materials 

Type of materials 
Insulating materials 

Conductivity Conductivity 
Range 0.02–2.00 W/ (m. K) Range 0.1–4.0 W/ (m. K) 
Accuracy ±10% from 0.02 to 2.0 W/ 

(m. K) 
Accuracy ±10% from 0.1 to 4.0 W/ 

(m. K) 
Heat capacity (SH-3 dual-needle sensor) 
Range 0.5–4.2 MJ/ (m3. K) 
Accuracy ±10% at conductivities above 0.1 W/ 

(m. K)  
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λ = λ0(1+ b T) (6)    

- λ0: Thermal conductivity at initial temperature of fibers  
- b = a

λ0 
[K]  

- a = 0.0003: Slope of the curve [W/m]. 

The effect of temperature on thermal conductivity can be explained 
by the significant volume of air in the flax fibers. As the mean temper
ature increases, the kinetic energy levels of air molecules intensify. This 
contributes to a stronger convective heat transfer mechanism, which is 
expected to vary significantly with temperature in parallel with heat 
transfers by conduction [15,30,32,45,49]. Indeed, as shown in Fig. 13, 
researchers also observed similar behavior in different types of fibers, 

Fig. 6. Shema of the thermal properties measuring of: (a) Raw earth-flax fibers, (b) Flax fibers alone with random arrangement.  

Fig. 7. The duration of the different steps of measuring thermal properties with the transient method.  

Fig. 8. Calibration curve of fibers water content versus centrifugation speed.  

Fig. 9. Flax fibers thermal conductivity evolution versus water content.  

Fig. 10. Flax fibers thermal conductivity evolution versus the density.  
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wherein thermal conductivity increases linearly with temperature. 
Upon comparing the thermal conductivity of random fibers with that 

of longitudinal fibers across various densities, ranging from 100 to 
400 kg/m3 (Fig. 14. a and Fig. 14. b), it becomes evident that regardless 
of the density, random fibers exhibit higher thermal conductivity than 
longitudinal fibers. This discrepancy arises because, in the case of a 
random arrangement, flax fibers are more densely compacted compared 
to the longitudinal arrangements, allowing for greater heat diffusion. 
This is due to the higher thermal conductivity of individual fibers 
compared to the air. 

4.2. Heat capacity of flax fibers 

4.2.1. Effect of water content and density of fibers on heat capacity 
The evolution of heat capacity c [MJ/ (m3. K)] versus water content 

is depicted in Fig. 15. A linear relationship is observed regardless of the 
fibers’ density and moisture content. For fibers with a density of 100 kg/ 
m3, the heat capacity increases from 0.41 to 2.47 MJ/ (m3. K) as the 
water content varies from 0% to 100%, respectively. Conversely, in the 
case of a density of 400 kg/m3, it increases from 0.57 to 3.63 MJ/ (m3. 
K) for the same range of moisture contents. Additionally, for a given 
moisture content, heat capacity increases in denser fibers. Decreased air 

Fig. 11. Thermal conductivity evolution as a function of temperature for 
random arrangement. 

Fig. 12. Thermal conductivity evolution versus a mean temperature for lon
gitudinal arrangement. 

Fig. 13. Comparison of the thermal conductivity of flax fibers with that of 
insulating materials in the literature [49]. 

Fig. 14. Comparison of thermal conductivity results of random and longitu
dinal fibers for densities: (a) 100 kg/m3 and (b) 400 kg/m3. 

Fig. 15. Heat capacity of flax fibers evolution versus moisture water content for 
different densities. 
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voids between fibers lead to an increase in heat capacity due to the heat 
mass storage of fibers. For a given density, as shown in Fig. 16, the heat 
capacity increases with the water content due to the higher heat capacity 
of water [3]. 

4.2.2. Effect of mean temperature for different densities on heat capacity 
The effect of temperature on the heat capacity of dry fibers with 

various densities and arrangements was analyzed. The evolution of heat 
capacity as a function of temperature for random and longitudinal ar
rangements is illustrated in Fig. 17 and Fig. 18. A linear relationship of 
heat capacity versus temperature, as presented by Eq. 7, was observed. 
Two slopes were defined for the corresponding linear relations: 
0.0038 W/m and 0.012 W/m for random and longitudinal arrange
ments of fibers, respectively. Similar behavior is observed with thermal 
conductivity, as described in Section II. 1. 1. 2. 

c = c0(1+ b′T) (7)    

- c0: heat capacity at initial temperature of fibers  
- b′ = a′

c0 
[K]  

- For random arrangement fibers case: a’ = 0.0038 W/m  
- For longitudinal arrangement fibers case: a’ = 0.012 W/m 

The results obtained in this study regarding the evolution of the heat 
capacity of fibers as a function of temperature are in good agreement 
with those observed by Yousefi & Tariku (2021) for other insulating 
materials. A comparison of the thermal heat capacity of random and 
longitudinal fibers for different densities, such as 100 and 400 kg/m3, 
can be observed in Fig. 19.a and Fig. 19.b, revealing that longitudinal 
fibers exhibit higher heat capacity than random fibers. This can be 
attributed to the fact that in the case of a random arrangement, flax fi
bers are in closer contact compared to longitudinal ones. The heat ca
pacity of air is approximately 1.2 MJ/ (m3. K) when the temperature 
ranges between 293.15 and 303.15 K [48], whereas for the same tem
perature range, the thermal capacity of fibers does not exceed 0.9 MJ/ 
(m3. K). Therefore, it is shown that the greater the presence of air be
tween fibers, the greater the heat storage capacity of the fibers. 

5. Raw earth-fibers composite material 

5.1. Effect of moisture, water content, and fibers content on the thermal 
conductivity of the composite 

In this section, the thermal conductivity of the composite silty-sand- 
random flax fibers as a function of water content was measured for 0%, 
1%, and 3% fibers contents. The physical properties of the silty-sand-flax 
fibers samples are listed in Table 3. Fig. 20 illustrates that the thermal 
conductivity increases with the increase in saturation degree of the 

samples and tends toward a plateau when the composite tends to a 
saturation threshold. The R2 coefficients obtained for the thermal con
ductivity evolution curves as a function of saturation degree of raw earth 
with 0%, 1%, and 3% of fibers is 0.9907, 0.9911 and 0.9845, respec
tively. As previously observed with the effect of water on thermal con
ductivity, in this case as well, the thermal conductivity increases from 
0.6 W/ (m. K) to 1.85 W/ (m. K) as the saturation degree increases from 
0 (dry) to 1 (saturated). This can be attributed to the significant differ
ence between the thermal conductivities of water and void air, where 
λwater = 0.62 W/ (m. K), λair = 0.025 W/ (m. K), [29]). Consequently, 
wetted flax fibers conduct heat more effectively than dried fibers. 
Moreover, in the soil-fibers composite, the presence of fibers can 
enhance the insulation properties of the material. This is because the flax 
fibers are less heat-conductive than the silty sand. 

5.2. Effect of moisture, water content, and fibers content on the heat 
capacity of the composite 

The heat capacity of the silty-sand alone and reinforced with 1% and 
3% fibers content was analyzed at various moisture contents and satu
ration degrees. The results of the heat capacity were plotted as a function 
of the degree of saturation, as shown in Fig. 21. It was anticipated that 
increasing the percentage of fibers would enhance the heat storage ca
pacity. However, for the limited studied cases, the expected conclusion 
appears not to be clearly achieved. Additionally, the heat capacity in
creases with the degree of saturation. For instance, in the case of a fibers 
content of 1%, the heat capacity increases from 1.47 to 3.08 MJ/ (m3. 
K). Regarding the previous research results in the literature, the results Fig. 16. Heat capacity of flax fibers versus fibers density.  

Fig. 17. Heat capacity evolution versus temperature for random arrangement.  

Fig. 18. Heat capacity evolution versus temperature for longitudinal 
arrangement. 
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of this study are in agreement with other results about the effect of water 
content on the heat storage capacity of porous building materials (see, 
for instance, [26,20]). 

6. Discussion 

A review of the literature reveals that various authors have explored 
the thermal properties of fibers alone, raw earth alone, or raw earth- 
vegetal fibers composites. Tables 4 and 5 provide a summary of the 
key findings from some published papers. The studies differ in terms of 
the density ranges examined, the types of fibers arrangements consid
ered, and the devices used for measuring thermal properties. For 
instance, Vaitkus [46] reported that chopped and long flax fibers have 
thermal conductivities ranging from 0.052 to 0.045 W/ (m. K.) and from 
0.044 to 0.034 W/ (m. K.), respectively, for fibers densities ranging from 
40 to 100 kg/m3. Moreover, Abbas et al. [1] demonstrated that the 
thermal conductivities of hemp and sunflower fibers are 0.07 and 
0.05 W/ (m. K), respectively, for densities of 100 and 14 kg/m3. After 
comparing the thermal conductivity and heat capacity results of flax 
fibers with those reported in the literature for other types of plant fibers 
(Table 4), it is evident that they are within the same order of magnitude. 

In this study, the thermal conductivity of flax fibers was obtained in 
the ranges between 0.041 and 0.067 W/ (m. K) and for the heat capacity 
it ranges from 0.39 to 1.1 MJ/ (m3. K). The values obtained was in the 

Fig. 19. Comparison of heat capacity-temperature results of random and lon
gitudinal fibers for densities: (a) 100 kg/m3 and (b) 400 kg/m3. 

Table 3 
Properties of silty sand-flax fibers samples.  

Sample Dry density γd 
(kN/m3) 

Porosity 
(%) 

Saturated water 
content wsat (%) 

Silty sand- 0% 
flax fibers  

17  33  20 

Silty sand- 1% 
flax fibers  

16.5  37  23 

Silty sand- 3% 
flax fibers  

15.6  40  26  

Fig. 20. Silty-sand-flax fibers thermal conductivity evolution as a function of 
degree of saturation. 

Fig. 21. Silty-sand-flax fibers heat capacity versus degree of saturation.  

Table 4 
Thermal conductivity of different vegetal fibres alone, provided from some 
literature references.  

Vegetal fibers Reference Density [kg/ 
m3] 

λ [W/ (m. 
K)] 

c [MJ/ (m3. 
K)] 

Straw [23] 440 0.18 0.396 
Hemp shiv [12] 420 0.13 0.699 
Chopped flax 

fibers 
Vaitkus  
[46] 

40 – 100 0.052 – 
0.045 

- 

Combed longue 
flax fibers 

0.044–0.034 - 

Bamboo [27] 70 – 170 0.042–0.052 - 
Typha [40] 304–586 0.065 – 

0.112 
0.277 – 
0.563 

Rape straw (RS) [10] 64.9 0.043 - 
Sunflower stem 

(SP) 
129.3 0.053 - 

Sunflower bark 
(SB) 

15.9 0.036 - 

Coconut fibers [11] 30 – 120 0.02–0.054 - 
Hemp shiv [14] 99.6 – 122.4  1.23–1.42 
Hemp [1] 100 0.07 - 
Sunflower 14 0.05 - 
Flax fibers Current 

study 
100–400 0.041 – 

0.067 
0.39 – 1.1  
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minimum, and maximum ranges reported in the literature for various 
studied fibers. For materials based on raw earth (Table 5), Hall & 
Allinson [24] demonstrated that for a density ranging from 1980 to 
2120 kg/m3, thermal conductivity varies from 0.833 to 1.01 W/ (m. K), 
respectively. In the case of raw earth-vegetal fibers, Phung et al. [42] 
observed that thermal conductivity ranges from 0.625 to 1.65 W/ (m. 
K), for a density range of 1400–1750 kg/m3. Azil et al. [6] demonstrated 
that, for cob, for density variations from 1650 to 2000 kg/m3, the 
thermal conductivity ranges from 0.5 to 1.3 W/ (m. K). The heat ca
pacity of the silty-sand-flax fibers ranges from 1.4 to 3.08 MJ/ (m3. K) 
which was in a good agreement in a comparison of minimum and 
maximum values in the literature, ranges between 0.187 and 2.9 MJ/ 
(m3. K), respectively. 

The results presented in this study for the silty-sand-flax fibers 
composite are globally in agreement with the other raw earth-vegetal 
fibers composites. However, the comparison with the other published 
studies and the corresponding results was only possible “qualitatively.” 
Published results were found to be in accordance with those of other 
studies regarding densities of fibers, types of arrangement and distri
bution of fibers, measuring devices, and preparation or conditioning 
specimens. Many of these studies include a wide range of fibers. 

Published studies demonstrate that fibers significantly influencing 
the thermal conductivity and sorption capacity of earthen materials 
which cannot be ignored. Recently, fibers were used in various appli
cations and studied both numerically and experimentally in the labo
ratory for improving the mechanical properties. An important point that 
researchers recently addressed the fibers in bioengineering applications, 
fibers-reinforced porous media, and dispersive composite materials [16, 
4]. This will bring the future view on not even as the energy savings and 
insulation materials but also can be applicable in bioengineering fields. 

7. Conclusion 

This paper focuses on the thermal properties of silty-sand-flax fibers 
composite building materials. Firstly, the study focused on flax fibers 
alone, examining the impacts of water content, temperature, arrange
ment, and density on their thermal properties, which were quantified 

through experimental methods. Subsequently, the thermal properties of 
the silty-sand-flax fibers materials were evaluated using the unsteady 
(transient) heat diffusion method. The role of water content in relation 
with flax fibers content was studied and the corresponding curves are 
given as thermal conductivity and heat capacity versus the degree of 
saturation. The mathematical relationships obtained from these analyses 
were then presented and analyzed. 

Regarding the thermal properties of flax fibers alone, the main 
findings are summarized as follows: 

o The thermal conductivity exhibits a linear relationship with tem
perature and water content, irrespective of sample density. For 
samples with a density of 400 kg/m3, it increases from 0.067 to 
0.36 W/ (m. K) as the water content varies from 0% to the saturation 
level (wsat). This can be explained by the fact that the thermal con
ductivity of water is higher than that of dry fibers. Moreover, it in
creases with temperature, indicating that temperature enhances heat 
diffusion. This finding is well known as the heat transfer phenome
non. However, in this paper, the quantification of this linear de
pendency was achieved through an intrinsic coefficient, represented 
by the slope of the linear curves. This coefficient serves to charac
terize the relationship between the heat conductivity of flax fibers 
and the temperature, independent of the density and the 
arrangement. 

o The heat capacity depends on the density of fibers, their arrange
ment, and their temperature and water content initial conditions. 
The effect of these parameters on heat capacity exhibited a similar 
trend to that observed for thermal conductivity. A linear equation, 
characterized by slopes of 0.0038 W/m for random arrangements 
and 0.012 W/m for longitudinal arrangements, was recognized for 
heat capacity as a function of temperature. Additionally, longitudi
nally arranged fibers show a higher heat storage capacity than 
random arrangements.  

o A comparison of the thermal conductivity and heat capacity obtained 
in this study shows a good agreement with the minimum and 
maximum values of the literature. 

Table 5 
Thermal conductivity and heat capacity of different raw-earth alone and raw earth-composite materials.   

Raw earth-based 
materials 

Reference Soil contents (%) Type and amount of 
fibers by mass 

Dry density [kg/ 
m3] 

λ [W/ (m. 
K)] 

c [MJ/ (m3. 
K)] 

Raw earth alone Rammed earth Hall & Allison., 
2009 

30% Clay, 0–30% Sand and 
40–70% Gravel 

- 1980–2120 0.833–1.01 - 

Unfired earth bricks [5] 28.7% Clay, 63.3% Silt, 5% 
Sand and 3% Gravel  

1089 – 1577 0.31–0.96 - 

Unfired earth bricks [37,36] - - 1761–1797 0,77–0,95 1.44 – 1.577 
Compressed earthen 
bricks 

[28] 20% Clay, 61% Silt and 19% 
Sand 

- 1940 1.1 1.82 

Compressed earthen 
bricks 

[50] 17% Clay, 51% Silt and 32% 
Sand 

- 1500–2000 0.52–0.93 - 

Earth slip [14] Earth slip - - - 0.765 – 
0.925 

Raw earth – 
vegetal fibers 

Raw earth concrete [26]  - - 0.4–1.4 1.5–2.9 
Adobe [39] 25% Clay, 30% Silt and 45% 

Sand 
Hibiscus cannibinus 
0%, 0.2%, 0.4% and 
0.8% 

- 1.30–1.67 - 

Unfired earth bricks [22] 50% Clay, 38% Silt and 12% 
Sand 

Straw 
0%, 3% and 6% 

1075–1995 0.14–0.57 - 

Adobe [41] 56% Clay, 14% Silt and 30% 
Sand 

Fonio straw 
0%, 0.2%, 0.4%, 0.6%, 
0.8% and 1% 

- 0.37–1.05 - 

Cob [42] 26.7% Gravel, 40.5% Sand and 
32.8% de Silt 

Straw 
0%, 1%, 2% and 3% 

1400–1750 0.625–1.65 - 

Light earth [14] Earth slip Hemp shiv 195–345 0.06 – 0.1 0.187 – 0.38 
Cob [6] - Flax straw 

2.5% 
1650–2000 0.5–1.3 - 

Sandy-silt – flax 
fibers 

Current study 25% Silt, 67% Sand and 8% 
Gravel 

Flax fibers 
0%, 1% and 3% 

1560–1700 0.6–0.76 1.4–3.08  
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Regarding the silty-sand-flax fibers composite, the main conclusions 
can be summarized as follows: 

o The thermal conductivity increases with the increase in water con
tent, irrespective of the percentage of added fibers. For 3% of fibers, 
the thermal conductivity increases from 0.6 W/ (m. K) to 1.85 W/ 
(m. K) as the water content increases from 0% to 26%. 

o The addition of fibers to silty-sand has improved the insulating ca
pacity of the composite material. This improvement stems from the 
fact that flax fibers conduct heat less effectively than silty-sand. For a 
water content of 14%, the thermal conductivity decreases from 1.786 
to 1.417 W/ (m. K) as the fibers content increases from 0% to 3%.  

o A comparison of the thermal properties of silty-sand-flax fibers with 
those of raw earth-vegetal fibers building materials observed in the 
literature highlights similar variations in thermal properties. How
ever, the newly established mathematical relationships present new 
findings to be considered for future fabrication and study of building 
material-fibers composites. 

o The heat capacity of the composite material did not show a signifi
cant difference when examining various percentages of fibers, 
ranging from 0% (silt alone without fibers) to 1% and 3% of fibers. 
However, a linear trend was observed for heat capacity as the degree 
of saturation increased, irrespective of the fibers content.  

o The relationships between thermal properties and temperature, as 
well as saturation degree, showed the beneficial impact of fibers in 
improving the thermal behavior and heat transfer of the composite 
silty-sand-flax fibers. This finding warrants further examination with 
other fibers contents, different types of fibers, and other bio-source 
binder materials. Notably, such research endeavors should also 
consider optimizing the added fibers content or other bio-source 
material to ensure the required mechanical properties. 
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