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Abstract. Improving the thermal efficiency of historic buildings depends 
on analyzing the physical properties of the original materials. This study 
focuses on the Zaouia Derkaouia, a religious monument damaged by the Al 
Haouz earthquake on September 8, 2023. Restoration work requires precise 
knowledge of the in situ properties of the materials to ensure the 
compatibility of the interventions. This study presents an experimental 
characterization of handmade fired clay bricks collected in situ. Three bricks 
were measured for thermal conductivity λ, thermal diffusivity α, and thermal 
resistance R over a temperature range of 5 to 50°C using the hot-wire 
method. The analysis took into account various parameters, such as 
temperature and the origin of the samples. The results show that λ ranges 
from 0.262 to 0.324 W.m⁻¹.K⁻¹, α from 0.275 to 0.381 mm²·s⁻¹, and the 
thermal resistance (for a thickness of 3 cm) between 0.092 and 0.114 
m²·K·W⁻¹. Taken together, these experimental data constitute a benchmark 
for evaluating the compatibility criteria of restoration materials for built 
heritage made of terracotta. 
Keywords—Construction materials, thermal behavior, thermal 
conductivity, thermal diffusivity, energy performance, cultural heritage, 
sustainable building. 

1 Introduction 
The city of Marrakech is among the best-preserved architectural and heritage complexes in 
the Western Maghreb. Founded in 1070 by the Almoravid dynasty, the city has retained a 
built environment dominated by handcrafted fired clay bricks [1]. This building choice 
reflects an empirical adaptation to the local semi-arid climate, characterized by cool winters 
and harsh summers. Traditional brick meets two simultaneous requirements: it supports the 
loads of load-bearing masonry, and its thermal inertia contributes to the hygrothermal 
comfort of the buildings. 

For this study, we focused on the Derkaouia Zaouia (Figure 1). This religious building in 
the medina of Marrakesh, constructed primarily of fired clay bricks, perfectly illustrates this 
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building tradition. Over the centuries, the bricks comprising its structure have undergone 
various forms of deterioration (cracks, delamination, and displacement of masonry), which 
are currently the subject of a restoration project. In this context, knowledge of the thermal 
properties of the old bricks is essential to guide the selection of compatible replacement 
materials. 

Studies on ancient fired clay bricks in Morocco remain scarce. Most focus on clay bricks 
with additives. Laaroussi et al. [2] measured a thermal conductivity of 0.35 W.m⁻¹.K⁻¹ in 
handmade bricks from the Slaoui brickworks in Salé. Other studies have explored different 
approaches: Tankari et al. [3] optimized the properties of clays from the Oriental region for 
industrial brick production and reported thermal conductivities of 0.77 to 1.07 W.m⁻¹.K⁻¹ for 
unfired bricks. Bajji et al. [4] incorporated waste materials (ash, crushed pottery) into unfired 
clay blocks in Tiznit. Lechheb et al. [5] stabilized adobe bricks with lime and cement for the 
restoration of the Kasbah of Aït Benhaddou. Although effusivity measurement is essential 
for complete thermal characterization, it is rarely performed. 

This experimental study examines three bricks for thermal characterization (5–50 °C). 
The results will enable evaluation of the walls' thermal behavior and the establishment of 
compatibility criteria for substitute materials to be used in the restoration of the Derkaouia 
Zaouia. 

 

Fig. 1. View of the Zaouia Derkaouia, Bab el Khamiss district, in the old medina of Marrakech. 

2 Materials and methods 

2.1 Site and sample collection 

The Zaouia Derkaouia building is located in the center of the old city of Marrakech. Its load-
bearing structure consists mainly of fired clay bricks and rammed earth. During the post-
earthquake assessment conducted in 2023, damage was observed in the arches and domes, as 
well as displacement in the outer perimeter walls. Samples were taken from various areas of 
the building’s walls (Figure 2), representative of the original masonry, with the authorization 
of the Ministry of Habous in Marrakech. The four samples consist of handmade bricks of 
varying dimensions. Their composition includes natural inclusions. An open macroscopic 

porosity, visible to the naked eye on the fracture surface, results from firing at low 
temperatures in the region’s traditional wood-fired kilns. 

 

Fig. 2. General view of the facade of the Zaouia Derkaouia in Marrakech.  

2.2 Sample preparation 

Each brick was left to dry for 48 hours until it reached a constant mass. The surfaces were 
dry-brushed. All samples exhibiting surface cracks were discarded prior to cutting. For 
thermal measurements, three 30 × 30 × 30 mm cubes were cut using a low-speed saw. The 
flatness of the faces was verified in accordance with the operating requirements of the FP2C 
device [7]. All samples were taken from different areas to ensure that the collected data were 
representative of the entire site. 

2.3 Thermal measurements 

Thermal properties were determined using the FP2C instrument, based on the symmetric hot-
wire method. The flat probe is inserted between the two faces of the two bricks. A transient 
thermal pulse is applied, and the temperature response is recorded continuously. The 
integrated software adjusts the analytical solution for a linear heat source and extracts λ 
(W.m⁻¹.K⁻¹) and α (mm².s⁻¹). The thermal resistance R (m².K.W⁻¹) is calculated for a 
reference thickness of 30 mm. 

Measurements were taken at ten temperatures ranging from 5 to 50 °C, in 5 °C 
increments. This range reflects the climatic conditions of Marrakech [8]. 

3 Results 
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3.1 Thermal conductivity 

Figure 3 shows the variation in thermal conductivity λ between 5 and 50 °C. Sample 1 has 
the highest values: λ decreases from 0.32 to 0.26 W.m⁻¹.K⁻¹ (−19%). Sample 2 follows an 
intermediate trajectory, decreasing from 0.31 to 0.29 W.m⁻¹.K⁻¹ (−6%). Sample 3 has the 
lowest values, decreasing from 0.298 to 0.28 W.m⁻¹.K⁻¹ (−3%). All three curves are 
monotonically decreasing. A partial intersection of the curves for samples 1 and 2 occurs 
around 25 °C. 

Fig. 3. Thermal conductivity λ (W.m⁻¹.K⁻¹) as a function of temperature (5–50 °C). 

The decrease in λ as a function of T is consistent with the general behavior of low-
temperature-fired porous clay materials: the thermal expansion of the air present in the pores 
reduces conduction at the solid interfaces [11, 12]. The value obtained for sample 1 at 5 °C 
(0.32 W.m⁻¹.K⁻¹) is close to that reported by Laaroussi et al. [2] for Moroccan industrial 
bricks (0.35 W.m⁻¹.K⁻¹ at 25 °C). The bricks from Zaouia Derkaouia exhibit a thermal 
conductivity lower than that reported in the literature for heritage artisanal bricks of various 
origins [6], which can be explained by higher porosity resulting from low-temperature 
artisanal firing [9]. 

3.2 Thermal diffusivity 

The thermal diffusivity α (Figure 4) decreases monotonically for all three bricks. Sample 1: 
from 0.381 to 0.308 mm².s⁻¹, Sample 2: from 0.32 to 0.30 mm².s⁻¹, Sample 3: from 0.28 to 
0.27 mm².s⁻¹. The ranking of the three bricks is identical to that of λ. 

The simultaneous decrease in the values of α and λ with temperature indicates that the 
volumetric heat capacity remains approximately constant in the range of 5 to 50 °C for all 
three bricks. This stability is characteristic of clay ceramics in this temperature range. 

 
 

 
Fig. 4. Thermal diffusivity α (mm²·s⁻¹) as a function of temperature (5–50 °C). 

3.3 Thermal resistance 

Thermal resistance R (Figure 5) increases with temperature, directly corresponding to the 
decrease in thermal conductivity λ. Sample 1 increases from 0.092 to 0.114 m².K.W-1 
(+24%). Sample 2 increases by 6% and Sample 3 by 3%. The handmade brick walls of the 
Zaouia Derkaouia offer their maximum thermal resistance on the hottest summer days, which 
is beneficial and compatible with passive thermal comfort. 
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Fig. 5. Thermal resistance R (m².K.W⁻¹, reference thickness 30 mm) as a function of temperature (5–
50 °C). 

4  Discussion 

4.1 Thermal conductivity 

The thermal conductivities measured in the dry state (0.26–0.32 W.m⁻¹.K⁻¹) are low 
compared to those reported in the literature for Moroccan fired clay bricks; Laaroussi et al. 
[2] report a value of 0.35 W.m⁻¹.K⁻¹ at 25 °C for Moroccan industrial bricks, obtained using 
the central heating plate method. The difference of 0.03 W.m⁻¹.K⁻¹ compared to our values 
reflects the higher porosity of the Zaouia Derkaouia bricks. Compared to European heritage 
bricks, the differences are more pronounced; A. Llorente-Álvarez et al. [6] report dry λ values 
ranging from 0.61 to 1.13 W.m⁻¹.K⁻¹ for artisanal bricks from Castile and León (densities 
ranging from 1,676 to 2,044 kg.m⁻³). Rodríguez-Esteban et al. [14] report values ranging 
from 0.42 to 0.97 W.m⁻¹.K⁻¹ for five types of century-old bricks from Valladolid. Glew et al. 
[12] measured values ranging from 1.60 to 2.60 W.m⁻¹.K⁻¹ for eight types of British bricks. 
Our brick samples exhibit thermal conductivities that are 30 to 50% lower than those of these 
reference samples. 

4.2 Role of porosity in thermal variability 

Thermal characterizations were performed on a series of samples collected from different 
areas of the Zaouia Derkaouia. It is observed, however, that within each series, the most 
porous materials exhibit the lowest thermal conductivity. Conversely, the least porous bricks 
are the most thermally conductive and the most resistant. Porosity acts simultaneously on 
both properties. Internal cavities contain air, whose thermal conductivity is approximately 
0.026 W.m⁻¹.K⁻¹, roughly thirty times lower than that of the fired clay matrix; the higher the 
porosity, the lower the conductivity. These same pores reduce the effective load-bearing 
cross-section under load and generate stress concentrations [13]. High porosity therefore 
lowers both λ, which is well documented in the case of heritage fired clay bricks. 

This observation has a direct practical implication for restoration: any substitute material 
must exhibit thermal conductivity compatible with those of the original bricks. Since both 
quantities are linked by porosity and microstructure, a brick manufactured from the same 
types of local clays and under appropriate artisanal firing conditions should naturally satisfy 
both requirements. 

4.3 Study limitations and perspectives 

This study has three main limitations: 
- Sample size: the results are based on only three bricks, which limits their generalizability 
to all heritage buildings in Marrakech. 
- Lack of direct microstructural characterization: porosity was not measured quantitatively. 
Analyses combining porosimetry, scanning electron microscopy, and X-ray diffraction 
would allow for establishing a link between thermal properties and microstructural 
parameters. 
- Limited measurement conditions: thermal tests were conducted in a dry state at room 
temperature; however, humidity significantly affects the thermal conductivity of bricks. 
Future work should focus on three complementary directions: 

– expanding the study to other damaged historic monuments, such as mosques, kasbahs, and 
Almohad ramparts, in order to account for the diversity of ancient bricks in Marrakech. 
- Characterize the microstructure using a multi-technique approach that includes porosimetry, 
scanning electron microscopy, and X-ray diffraction, in order to identify the mineralogical 
phases and estimate firing temperatures. 
- Study hygrothermal behavior by conducting thermal conductivity tests on samples with 
different moisture contents. These data are essential for modeling the actual in-service 
behavior of bricks subjected to seasonal climatic variations [10,15]. 

5 Conclusion  
Three bricks from the Zaouia Derkaouia (samples 1, 2, and 3) underwent thermal 
characterization over a temperature range of 5 to 50 °C. The results are as follows: 
- Thermal conductivity (0.262–0.324 W.m⁻¹.K⁻¹) is low, decreasing with temperature and 
lower than values reported in the literature. Thermal resistance increases with temperature, 
giving the walls their maximum insulating efficiency during summer heat waves. 
- The identical classification of the bricks for all measured properties highlights artisanal 
porosity as a major factor. This observation directly guides the selection of substitute 
materials for restoration, meaning that thermal compatibility is constrained by the same 
porosity requirement. 

These data characterize the thermal properties of the old bricks of the Zaouia Derkaouia. 
They serve as references for defining the acceptance criteria for substitute materials within 
the framework of restoration projects.  
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