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ABSTRACT: 

The paper presents the results from a series of thermal tests on five wall samples made of four types 

of unfired and one type of fired earth bricks. The unfired earth bricks were manufactured in the 

present work and consisted of Proctor compacted full bricks, hypercompacted full bricks, 

hypercompacted full bricks with hemp fibres and hypercompacted hollow bricks. Instead, the fired 

earth bricks were standard full bricks purchased from a provider of building materials. The walls 

were laid by using a fine earth mortar in the case of the unfired bricks and a standard cement mortar 

in the case of the fired bricks. The walls were tested inside a double-room climatic chamber where 

they were subjected to different temperatures on their two faces reproducing typical indoor and 

outdoor conditions. The thermal efficiency of the walls was assessed by quantifying the heat 

exchanged between the indoor and outdoor environments under both winter and summer testing 

conditions. The best thermal efficiency was observed for the unfired hypercompacted hollow brick 

wall while the worst efficiency was observed for the unfired hypercompacted and fired full bricks 

walls. An intermediate efficiency was recorded for the walls made of unfired full bricks either lightly 

compacted or hypercompacted with hemp fibres. The results from the present campaign provide an 

experimental database for the validation of heat transfer models at structural scale, thus 

contributing to the promotion of raw earth as a sustainable construction material.  

KEYWORDS: Thermal performance; Energy consumption; Heat flux; Earth material; Masonry wall; 

Building envelope. 

 

 

 

 



 

INTRODUCTION 

According to the International Energy Agency (IEA, 2013), the building sector consumes about 32% 

of the global energy demand. About 37% of this energy consumption is spent to heat or cool indoor 

spaces (Fahmy et al., 2014; Fang et al., 2014; Stazi et al., 2014; Karimpour et al., 2015; Serrano et al., 

2016) and strongly depends on the thermal efficiency of the building envelopes (Aste et al., 2009; 

Wang et al., 2009; Mirrahimi et al., 2016). A thermally insulating envelope can significantly reduce 

indoor heat losses during winter and indoor heat gains during summer (Soudani et al., 2016), thus 

reducing the energy spent for the air conditioning of dwellings. 

Raw (unfired) earth constitutes a sustainable construction material that can help reducing the 

environmental impact of dwellings. Raw earth can be locally sourced and put in place with very little 

transformation, thus minimising embodied energy (Little and Morton, 2001; Morel et al., 2001). Raw 

earth can also be easily recycled or safely disposed into the environment at the end of service life, 

thus reducing the amount of hazardous demolition waste. On a negative note, dense earth exhibits a 

high thermal conductivity (Hall and Allinson, 2009; Cagnon et al., 2014; Maillard and Aubert, 2014; 

Indekeu et al., 2017; Dao et al., 2018) compared to other insulating materials (Papadopoulos, 2005). 

This unfavourable property is however partly compensated by a relatively large hygro-thermal 

inertia, which enables earth walls to act as moisture and heat buffers. Earth walls can therefore 

smooth out the indoor fluctuations of humidity and temperature, thus reducing heating and cooling 

needs (Houben and Guillaud, 1989; Allinson and Hall, 2010; Pacheco-Torgal and Jalali, 2012; 

McGregor et al., 2014; Soudani et al., 2016; Gallipoli et al., 2017; Soudani et al., 2017). The large 

hygro-thermal inertia of raw earth originates from its fine network of nanopores (i.e. pores with a 

diameter smaller than 10 nm) and from the high specific surface of the clay fraction (McGregor et 

al., 2016), which enhance the tendency of this material to adsorb and release vapour from humid 

and dry environments, respectively, while liberating and storing latent heat.    



Many studies have measured the thermal properties of raw earth at the material scale (e.g. Hall and 

Allinson, 2009; Maillard and Aubert, 2014; Dao et al., 2018; Tinsley and Pavia, 2019) but only a 

handful of them have characterised the behaviour at the wall scale. Among these few studies, some 

have tested wall samples in the laboratory (e.g. Hall and Allison, 2010; Li et al., 2015; Medjelekh et 

al., 2016; Serrano et al., 2016) while others have monitored the behaviour of real walls in situ (e.g. El 

Fgaier et al., 2015; Soudani et al., 2017). To the best of the Authors’ knowledge, a comparative 

assessment of the thermal performance of masonry walls made of different types of unfired or 

standard fired earth bricks has never been presented in literature. 

To overcome this limitation, this paper presents a laboratory campaign of thermal tests on five wall 

samples made of four different types of unfired earth bricks and one type of fired earth brick. The 

four unfired earth brick types were manufactured in the present work and consisted of Proctor (i.e. 

lightly compacted) full bricks, hypercompacted full bricks, hypercompacted full bricks incorporating 

hemp fibres and hypercompacted hollow bricks.  Standard fired full bricks were instead purchased 

from a provider of building materials and offered a reference for comparison with the unfired bricks. 

Two different types of mortars, namely a fine earth mortar and a standard cement mortar, were 

employed for manufacturing the unfired and fired bricks walls, respectively.  

All walls were tested inside a double-room climatic chamber that allowed the application of different 

temperatures on the two wall faces to reproduce typical indoor and outdoor conditions. Two distinct 

sets of indoor and outdoor conditions were considered to replicate winter and summer climates. 

During the tests, the thermal efficiency of the walls was assessed by measuring the amount of heat 

exchanged between the indoor and outdoor environments. Results show that the unfired 

hypercompacted hollow brick wall enables the lowest heat flux between indoor and outdoor 

environments while the walls made of either unfired hypercompacted or standard fired full bricks 

allow the highest heat flux. The inclusion of hemp fibres and the application of a lighter compaction 

effort markedly improve the behaviour of the unfired full bricks resulting in an intermediate level of 



thermal efficiency. Interestingly, the outcomes of this study are relevant to practitioners and 

stakeholders working on the energy efficiency of buildings with a focus in façades and envelope 

engineering. 

MATERIALS AND METHODS 

Four types of unfired earth bricks were manufactured in the present work from an illitic soil 

containing 0.4% gravel, 40.4% sand, 42.9% silt and 16.3% clay as determined by wet sieving and 

sedimentation tests in compliance with the norms XP P94-041 (AFNOR, 1995) and NF P94-057 

(AFNOR, 1992). Plasticity tests were also performed on the soil fraction smaller than 400 μm, in 

compliance with the norm NF P94-051 (AFNOR, 1993), showing a liquid limit of 33.0%, a plastic limit 

of 20.1% and, hence, a plasticity index of 12.9%. Finally, the soil grains have a specific gravity of 2.66, 

which has been determined as the average of three pycnometer tests conducted according to the 

norm NF P 94-054 (AFNOR, 1991).  

The unfired earth bricks were compacted along their shortest dimension inside a stiff mould (Bruno 

et al., 2017a) with a size of 200 x 100 x 50 mm3. The fired earth bricks were instead purchased from 

a commercial provider of building materials and had a slightly larger size of 220 x 110 x 50 mm3. A 

brief description of the manufacturing process for all five brick types is given below. 

 Unfired lightly compacted full bricks (hereafter named “Proctor bricks”) 

Dry earth was first mixed at a water content of 13.5%, which is the optimum water content 

of standard Proctor compacted earth as determined by the norm NF P 94-093 (AFNOR, 

1999). The moist earth was subsequently stored inside two plastic bags for at least 24 hours 

to ensure the equalisation of pore water pressures. The equalised earth was then one-

dimensionally compacted inside the brick mould by a piston with a displacement rate of 0.1 

mm/s until the desired height of 50 mm was attained. The amount of earth placed inside the 

mould was calculated to attain a final dry density of 1860 kg/m3, which corresponds to the 

optimum dry density of standard Proctor compacted earth. 



 Unfired hypercompacted full bricks (hereafter named “hypercompacted bricks”)  

 “Hypercompaction” is the method of manufacturing unfired earth bricks described in Bruno 

et al. (2017a) and Bruno (2016). The method consists in the one-dimensional compaction of 

the earth to an ultimate pressure of 100 MPa with a loading rate of 0.17 MPa/s. The earth is 

“double compacted” by two pistons acting at the top and bottom of a “floating” mould 

supported by internal friction against the brick surface. Double compaction is preferable to 

single compaction because it reduces the effect of friction on the brick surface and therefore 

increases the uniformity of stress and porosity inside the material. Note that double 

compaction can only be employed for hypercompacted bricks because, for Proctor bricks, 

the applied pressure is too low to generate enough lateral friction to support the weight of 

the mould. The bricks were hypercompacted at a water content of 5.2%, which is the 

optimum water content of the hypercompacted earth as determined by Bruno et al. (2017a). 

Prior to hypercompaction, the earth was mixed with the required amount of water and 

stored inside two plastic bags for at least 24 hours to achieve equalisation of pore water 

pressures. This manufacturing process generated a closely packed material with a relatively 

high dry density of 2320 kg/m3 and, hence, a low porosity of only 0.129. 

 Unfired hypercompacted full bricks including hemp fibers (hereafter named “hemp bricks”) 

The dry earth was mixed, together with 1.5% of hemp fibres mass, at a water content of 

5.4%, which is the optimum water content of the hypercompacted earth incorporating hemp 

fibres. A relatively small amount of only 1.5% of fibres was chosen to facilitate mixing and 

hypercompaction of the material. 

The optimum water content was determined by hypercompacting earth-hemp samples at 

different water contents and is slightly higher than the optimum water content of the 

hypercompacted earth without hemp because of moisture absorption by the fibres. Table 1 

lists the main properties of the hemp fibres as stated by the company “Technichanvre”, 

which is the seller of these fibres.  



Table 1. Main properties of hemp fibres 

Fibre length 1-5 mm 

Dry density 130 – 140 kg/m3 

Thermal conductivity (dry condition) 0.048 W/mK 

Water retention capacity 370 ml/l 

 

The moist earth-hemp mix was stored inside two plastic bags for at least 24 hours to attain 

equalisation before being hypercompacted to 100 MPa resulting in a dry density of 2244 

kg/m3 and a porosity of 0.150. Note that these values of density and porosity have been 

calculated by using the weighted average of the specific gravities of the soil and hemp fibres. 

In particular, the specific gravity of the hemp fibres has been taken equal to 1.39 according 

to the experimental work of Rohen et al. (2017).  

Hemp bricks are therefore only slightly less dense than hypercompacted bricks because of 

the very small amount of added fibres. The similarity of the dry densities of these two bricks 

allows isolating the effect of the fibres from that of the porosity. 

 Unfired hypercompacted hollow bricks (hereafter named “hollow bricks”) 

Dry earth was mixed at the optimum water content of 5.2% and then stored inside plastic 

bags for 24 hours to attain equalisation of pore water pressures before being 

hypercompacted to 100 MPa. The bricks were double compacted by using a set of 

specifically designed pistons to create two 55 mm diameter cylindrical holes perpendicular 

to the largest brick face. The presence of these two holes resulted in an apparent dry density 

(defined as the ratio between the dry mass and the overall brick volume including the two 

holes) of about 1770 kg/m3. Note that the actual dry density of the earth is identical to that 

of hypercompacted bricks as both these bricks are made of the same material. 

 Fired extruded full bricks (hereafter named “fired bricks”) 

Fired earth bricks were purchased from a commercial provider (Castorama – product code 

8715098067447), which unfortunately did not share the details of the manufacturing 

process. In general terms, the manufacture of the fired bricks involved first grinding the 



earth to a uniform size. The ground earth was subsequently mixed with a high water amount 

to produce a paste that was extruded through a rectangular ejector with a size of 110 x 50 

mm2. The extruded strip was then cut into individual bricks, each having a length of 220 mm. 

The freshly cut bricks were dried and subsequently fired to a temperature of about 1100 ˚C 

for a time between 10 and 40 hours. More information about the standard procedures for 

the manufacture of fired earth bricks can be found in the technical notes published by the 

Brick Industry Association (2006). 

Figure 1 shows the five brick types tested in the present work together with their dimensions in 

millimetres. 

 

Figure 1. Representation of the five brick types tested in the present work: a) unfired lightly 

compacted full brick (Proctor brick), b) unfired hypercompacted full brick (hypercompacted brick), c) 

unfired hypercompacted full brick including hemp fibers (hemp brick), d) unfired hypercompacted 

hollow bricks (hollow brick) and e) fired extruded full brick (fired brick) 

  



Prior to testing, all bricks were equalised to the laboratory atmosphere corresponding to a 

temperature of about 25 °C and a relative humidity of about 40% for a minimum of two weeks and, 

in any case, until a constant mass was attained. After equalisation, the water content of all types of 

brick was measured according to the norm NF P 94-050 (AFNOR, 1995). All four unfired bricks 

attained similar water contents, just above 3%, while the water content of the fired brick remained 

close to zero, which reflects the greater hygroscopicity of the unfired earth compared to the fired 

earth. 

Table 2 summarises the main physical properties of the five bricks after equalisation. Recall that the 

densities and porosity of the hollow bricks indicated in Table 2 are the apparent ones, i.e. they have 

been calculated by considering the two holes in the same way as material pores. The actual earth 

densities and porosity of the hollow bricks are instead identical to those of the hypercompacted 

bricks as these two bricks are made of the same material 

Table 2. Bulk density, dry density, porosity and water content of the five bricks after equalisation 

 Bulk density 
(kg/m3) 

Dry density 
(kg/m3) 

Porosity 
 (-) 

Water content 
(%) 

Proctor 1927 1863 0.300 3.41 

Hypercompacted 2397 2320 0.129 3.34 

Hemp 2316 2244 0.150 3.22 

Hollow1 1828 1770 0.336 3.29 

Fired 2026 2025 0.240 0.06 
1
For hollow bricks, the indicated densities and porosity are the apparent ones, i.e. they have been calculated considering 

the two holes in the same way as material pores. The actual earth densities and porosity are instead identical to those of 
the hypercompacted bricks. 

 

Inspection of Table 2 indicates that the tested bricks cover a large range of dry densities (from 1770 

to 2320 kg/m3) and porosities (from 0.129 to 0.336). These values are comparable to those of most 

construction materials including, for example, lightweight to dense aggregate concrete blocks (The 

Concrete Block Association, 2017). 



Prior to manufacturing the wall samples, the thermal conductivities of the different brick materials 

were measured under different humidity conditions. In particular, the bricks were equalised at three 

different levels of relative humidity, i.e. 25%, 62% and 95%, under a constant temperature of 23 ˚C 

before measuring the thermal conductivity by means of a hot disk apparatus. Three different 

measurements were taken at each level of relative humidity on a single sample of every brick type to 

evaluate the repeatability of results. Figure 2 shows the average values of thermal conductivity from 

the three test repeats together with the corresponding standard deviations. The standard deviation 

bars are barely visible in Figure 2 due to the high repeatability of the obtained results. The same 

thermal conductivity is shown for both hypercompacted and hollow bricks because these two bricks 

are made of the same material. 

Inspection of Figure 2 indicates that the material of the hypercompacted and hollow bricks exhibits 

the largest thermal conductivity due to its very low porosity. A lower conductivity is instead 

displayed by the material of the unfired hemp bricks thanks to the presence of insulating fibres, 

despite an ostensibly similar porosity. An even lower conductivity is exhibited by the material of the 

unfired Proctor bricks due to insulating effect of the larger porosity. Interestingly, the fired bricks 

exhibit the lowest thermal conductivity of all bricks, even lower than that of the Proctor bricks, 

which have however a higher porosity than the fired bricks. This could be the consequence of the 

particular pore size distribution of the fired earth or a significantly lower conductivity of the solid 

phase following mineralogical changes during firing. Inspection of Figure 2 also indicates that, among 

all unfired materials, the material of the Proctor bricks exhibits the highest sensitivity to variations of 

relative humidity. This is because of the large porosity of this material, which implies a relatively high 

capacity to store or release moisture during changes of ambient humidity. The thermal conductivity 

of the fired bricks is instead virtually unaffected by the variations of ambient humidity due to the 

limited capacity of this material to store or release moisture (Rode et al., 2005; Bruno et al., 2019). 

This is consistent with the data shown in Table 2, which indicate that the fired bricks only store 

negligible amounts of water upon equalisation to the laboratory atmosphere.  



Overall, the values of thermal conductivity measured on hypercompacted and Proctor bricks are 

consistent with results from past studies on unfired earth bricks compacted at different levels of dry 

density (e.g. Cagnon et al., 2014; Soudani et al., 2017). The thermal conductivity measured on hemp 

bricks is instead higher than that usually found in literature on similar materials (e.g. Laborel-

Préneron et al., 2018; Mazhoud et al., 2018) and this is due to the high density of hemp bricks in the 

present study. Finally, the thermal conductivity of standard fired bricks well matches existing values 

in literature (e.g. Dondi et al., 2004) 

 

Figure 2. Variation of thermal conductivity with ambient relative humidity for the different materials 

of hypercompacted, hollow, Proctor, hemp and fired bricks 

Next, the thermal performance of the five wall samples was tested by using a double-room climatic 

chamber. Four unfired bricks walls (i.e. walls made of Proctor, hypercompacted, hemp and hollow 

bricks) were laid by using a fine earth mortar while one fired brick wall was laid by using a 

conventional cement mortar. The fine earth mortar was produced from the finest earth fraction, i.e. 

the fraction passing through the 400 μm sieve, which was first oven dried to 105 °C for at least 24 

hours and then mixed with a water content of 26.6%. This water content, which corresponds to the 



average of the liquid and plastic limits, was chosen to ensure a good workability of the mortar during 

fabrication of the wall. The cement mortar consisted instead of a standard mix of cement, sand and 

water in the proportions of 1:3:0.5 by weight (Li et al., 2004; AFNOR, 2006) as commonly used for 

the construction of masonry walls.  

The same laying method was adopted to build all wall samples regardless of the brick and mortar 

types. The brick surfaces were first slightly wetted with a moist cloth and then joined together with a 

10 mm thick mortar layer. Each wall was made of ten brick layers with each layer composed of two 

entire bricks plus a dry-sawn brick portion positioned alternatively at opposite sides to avoid 

continuous vertical mortar joints. This laying method produced wall samples with a vertical surface 

of about 520 x 590 mm2 and a thickness of 100 mm, except for the wall made of fired bricks, which 

had a slightly larger thickness of 110 mm. Note that measurements of heat flux across the fired brick 

wall were scaled up by a factor of 1.1 to account for the larger thickness of this particular wall and 

therefore to enable comparison with the other four unfired earth walls. Figure 3 shows a schematic 

representation of the five walls tested in the present work together with the corresponding 

dimensions in millimetres. 

 



 

Figure 3. Representation of the five walls tested in the present work: a) Proctor brick wall, b) 

hypercompacted brick wall, c) hemp brick wall, d) hollow brick wall and e) fired brick wall. 

 

Prior to thermal testing, all walls were equalised to the laboratory atmosphere, corresponding to a 

temperature of about 25 °C and a relative humidity of about 40%, for a minimum time of two weeks. 

After equalisation, the wall samples were placed inside the testing frame of the climatic chamber 

and the small gap between the perimeter of the wall and the inner edge of the frame was filled with 

insulating glass wool before being covered by aluminium tape (Figure 4). This ensured that thermal 

exchanges could only take place through the exposed wall surface. The testing frame was then 

sandwiched between the hot and cold rooms of the climatic chamber and thermally sealed from the 

laboratory environment by means of a clamping mechanism (Figure 5).  

 



 

Figure 4. Hypercompacted brick wall inside the testing frame. 



 

Figure 5. Testing frame containing the wall sample sealed between the hot and cold rooms of the 

climatic chamber. 

 

PROCEDURE OF THERMAL TESTS ON WALL SAMPLES 

The thermal tests on the wall samples were performed by using the “Thermo3” double-room climatic 

chamber manufactured by the company “Recherches & Realisation Remy 3R”. This climatic chamber 

is composed of two separate units, i.e. a hot and a cold room, which are thermally insulated from 

the external environment. During any given test, the temperature of the hot room is always higher 

than the temperature of the cold room, which generates a unidirectional flux of heat across the 

interposed wall. The climatic chamber is equipped with twenty sensors to measure the temperature 

of both the hot and cold rooms as well as the temperature of the two wall faces. Figure 6 shows a 



horizontal cross-section of the climatic chamber, which also indicates the position of all temperature 

sensors. 

 

Figure 6. Schematic horizontal cross-section of the climatic chamber with indication of the 

temperature sensors. 

 

The temperature of the hot room is regulated by a heating resistance located in the outer control 

zone (Figure 6). This resistance releases a known amount of energy whenever heat is lost through 

the wall from the hot room towards the cold room. The resistance is automatically activated when 

the temperature of the hot room drops more than 0.3 ˚C below the target and is stopped when this 

temperature exceeds the target by more than 0.3 ˚C. The equipment records this intermittent 

release of energy, which is then averaged to estimate the continuous heat flux through the wall. 

Unfortunately, the hot room is not equipped with a refrigerator system, which implies that the 

temperature can only be increased or kept constant but never decreased. Conversely, the cold room 



is equipped with a reversible system comprising both a heating resistance and a refrigerator, which 

allows the imposition of temperature cycles. 

Each wall sample was subjected to two distinct tests with the aim of simulating typical conditions 

during both winter and summer seasons. A brief description of these two testing conditions is 

provided in the following.   

 Simulation of winter condition  

The wall samples were exposed to a constant hot room temperature of 23 ˚C, which 

reproduced indoor comfort conditions, and to a cold room temperature varying between 5 

˚C and 15 ˚C with a 24-hours sinusoidal cycle, which reproduced the daily fluctuation of 

outdoor climate. This testing condition, which is graphically represented in Figure 7, was 

maintained for one week while the energy released by the resistance was measured to infer 

heat losses through the wall.  

 Simulation of summer condition 

A constant cold room temperature of 23 ˚C was maintained to reproduce the same indoor 

comfort conditions as during winter, while the hot room temperature was increased in six 

stages to 25, 28, 31, 34, 37 and 40 ˚C to reproduce increasingly warmer outdoor climates. 

Each temperature stage was maintained during 48 hours, which allowed the achievement of 

a steady state regime corresponding to the measurement of a constant heat flux through the 

wall over a period of at least 24 hours. Note that a sinusoidal variation of temperature could 

not be applied under summer conditions as the hot room of the climatic chamber is only 

equipped with a heating resistance without any refrigerator. Hence, the temperature inside 

the hot room can either be increased or maintained constant but never decreased. Figure 8 

provides a graphical representation of the imposed temperatures in both the hot and cold 

rooms.  



 

Figure 7. Winter testing conditions. 

 

Figure 8. Summer testing conditions. 

 



RESULTS OF THERMAL TESTS ON WALL SAMPLES 

During the tests on the wall samples, a data logger continuously recorded: a) the energy released by 

the resistance to compensate the heat flux through the wall and b) the temperature of the two wall 

faces.  

Winter testing conditions 

Under winter testing conditions, the indoor heat losses were measured from the energy released by 

the heating resistance to maintain an indoor temperature of 23 ˚C while the outdoor temperature 

varied cyclically between 5 and 15 ˚C. Figure 9 shows that the heat flux across the wall is not 

constant but fluctuates like the outdoor temperature over a 24-hour period and it attains a peak 

when the thermal gradient across the wall is largest. Interestingly, the phase of the heat flux cycles is 

identical for all tested walls and matches well the phase of the outdoor temperature cycles.  

Inspection of Figure 9 also indicates that the heat flux across the five wall samples is similar when 

the temperature difference between the two rooms is smallest and equal to 8 ˚C (corresponding to 

an indoor temperature of 23 ˚C and an outdoor temperature of 15 ˚C). The only exception to this 

behaviour is given by the hollow brick wall that shows a consistently lower heat flux throughout the 

entire test. The dissimilarities between wall samples become however more evident as the thermal 

gradient across the wall increases and they are clearest when the temperature difference attains the 

maximum value of 18 ˚C (corresponding to an indoor temperature of 23 ˚C and an outdoor 

temperature of 5 ˚C). In this case, both the hypercompacted and fired bricks walls exhibit the largest 

heat flux, and hence the worst thermal efficiency. At the other end of the spectrum, the hollow brick 

wall exhibits the lowest heat flux and hence the best thermal efficiency. Given that hollow and 

hypercompacted bricks are made of the same material, the higher thermal efficiency of the hollow 

brick wall is entirely ascribed to the insulation provided by the air pockets inside the cylindrical 

holes. Note that, for the hollow brick wall, heat is also transferred by air convection occurring inside 



the cylindrical holes, but this mechanism of heat transfer is rather weak compared with the high 

thermal resistance of the air pockets respect to the mechanism of heat conduction.  

Similar to the conductivity measurements at material scale, the hemp and Proctor bricks walls 

exhibit an intermediate level of efficiency. Both these walls are also made of full bricks, which 

however incorporate either insulating fibres or larger porosity, with a consequent reduction of 

thermal conductivity compared to the hypercompacted bricks. 

A special comment deserves the similar behaviour of the hypercompacted and fired bricks walls. This 

similarity may surprise as it contradicts previous measurements of thermal conductivity at material 

scale, which indicate a very different behaviour for the fired and hypercompacted bricks. In 

particular, the materials of the fired and hypercompacted bricks exhibit the lowest and highest 

values of thermal conductivity, respectively (Figure 2).  This similar behaviour at the wall scale can 

however be explained by the occurrence of water condensation in the pores of the unfired earth but 

not in the pores of the fired earth (Bruno et al., 2017b; Bruno et al, 2018; Rode et al., 2005; Bruno et 

al., 2019). Water condensation is an exothermic process that releases latent heat as temperature 

reduces while water evaporation is an endothermic process that stores latent heat as temperature 

increases. With reference to the present tests, the condensation of pore water at low temperatures 

results in the release of a significant amount of latent heat. This partly compensates the higher 

thermal conductivity of the unfired earth, thus resulting in a similar heat flux across both the 

hypercompacted and fired bricks walls. 

Figure 10 shows the temperature measured on the wall faces exposed to the indoor (solid lines) and 

outdoor (dotted lines) environments, respectively. Inspection of Figure 10 indicates a similar cyclic 

variation of the surface temperature for all wall samples, which is also in phase with the outdoor 

temperature cycles. This result suggests that the wall temperature mainly depends on the imposed 

environmental conditions rather than on the properties of the tested walls.  

 



 

Figure 9. Heat fluxes across the tested walls under winter testing conditions. 

 

Figure 10. Wall surfaces temperatures under winter testing conditions. 

 



Summer testing conditions 

Under summer testing conditions, the indoor temperature was fixed at 23 ˚C while the outdoor 

temperature was increased in six different stages to 25, 28, 31, 34, 37 and 40 ˚C with each stage 

maintained for 48 hours. A time of 48 hours was enough to achieve steady state conditions 

corresponding to the measurement of a constant heat flux across the wall during at least 24 hours. 

The indoor heat gains were measured from the energy released by the resistance to control the 

outdoor temperature at the required level. 

Figure 11 shows the steady state heat fluxes measured across all wall samples during the last 24 

hours of each temperature stage. Similar to winter testing, the fluxes across the five walls are similar 

when the difference between indoor and outdoor temperatures is low but they start to diverge as 

the outdoor temperature becomes progressively higher and surpasses the indoor temperature by 

more than 8 ˚C. 

Similar to winter testing, the hollow brick wall exhibits the lowest heat flux and therefore the best 

thermal efficiency due to the presence of insulating air pockets inside the brick holes. As for the full 

bricks walls, the results highlight once again the beneficial effect of water phase changes occurring in 

the unfired earth pores, but not in the fired earth pores, which may override the unfavourable 

influence of thermal conductivity. This is shown in Figure 11 where the fired brick wall exhibits one 

of the poorest thermal efficiencies despite displaying the lowest thermal conductivity according to 

Figure 2. This is due to the thermal inertia introduced by the evaporation of water stored in the 

unfired earth pores, which subtracts latent heat from the surrounding environment and therefore 

increases thermal efficiency in warmer climates.  

However, when the outdoor temperature increases above 31 ˚C, the unfired earth becomes 

progressively drier and the beneficial effect of pore water evaporation tends to reduce. Thermal 

conductivity then regains prominence and the efficiency of the unfired earth walls starts to 

deteriorate in comparison to the fired earth wall.  



Figure 12 shows the temperatures measured on the two wall faces exposed to the indoor (black 

markers) and outdoor (red markers) environments, respectively, after achieving steady state. Similar 

to winter testing, all walls display very similar temperatures on both faces, thus confirming that wall 

temperatures are mostly controlled by the imposed environmental conditions rather than by 

material properties. 

 

Figure 11. Heat fluxes across the tested walls under summer testing conditions. 



Figure 12. Wall surfaces temperatures under summer testing conditions. 

Based on the experimental results shown in Figures 11 and 12, the values of heat flux are now 

plotted in Figure 13 against the gradient of temperature, which is the difference of temperature 

between the outdoor and indoor wall faces divided by the thickness of the wall. Note that, in Figure 

13, the values of heat flux for the fired brick wall are those measured during testing without applying 

the scaling factor of 1.1. Interestingly, in Figure 13, the data for each tested wall are interpolated by 

a straight line that passes through the origin and with a slope equal to the thermal conductivity   of 

the wall according to the general equation of heat conduction: 

        (1 ) 

Where   is the heat flux in 
 

   and    is the temperature gradient in 
 

 
. Note that Equation (1) is 

valid under stationary conditions and hence the thermal conductivity of the tested walls cannot be 

determined under the transient testing conditions adopted to simulate a winter climate.  



 

Figure 13. Heat flux across the tested walls against the gradient of temperature between indoor and 

outdoor wall faces. 

The values of thermal conductivity of the tested walls, determined as the slope of the straight lines 

represented in Figure 13, are reported in Table 3 together with values of R2 to indicate the excellent 

fit of the linear regressions. Inspection of Table 3 indicates that all tested walls exhibited a relatively 

small variation of thermal conductivity, which ranges from 0.83 to 1.33 
 

   
. This implies that all 

tested walls exhibited a thermal performance which is rather similar at low temperature gradients 

and that tends to diverge as the temperature gradient grows, as represented by the diversion of the 

fitting straight lines in Figure 13. 

Inspection of Table 3 finally indicates that the thermal conductivity of the hypercompacted brick wall 

is slightly lower than the one measured on the individual brick (Figure 2) and this is due to the 

presence of less compacted mortar joints with lower thermal conductivity. Hemp and Proctor brick 

walls exhibited instead a similar thermal conductivity to that of the corresponding individual bricks 

at low levels of relative humidity (Figure 2). This higher similarity can be associated to a more 



homogenous thermal behaviour of individual bricks and mortar joints compared to the case of the 

hypercompacted brick wall.  The hollow brick wall exhibited the lowest thermal conductivity and this 

is again related to the presence of low-conductive air pockets in the wall volume. Finally, the thermal 

conductivity of the fired brick wall is slightly higher than the one measured at the scale of the 

individual brick (Figure 2). This discrepancy can be related to the higher thermal conductivity of the 

cement mortar, which can reach values between 1.1 and 1.2 
 

   
, as measured by Demirboǧa (2003). 

Table 3. Thermal conductivity of tested walls 

 Thermal conductivity 
 (W/m K) 

R2 

(-) 

Hypercompacted 1.33 0.986 

Fired 1.04 0.992 

Hemp 1.27 0.961 

Proctor 0.94 0.965 

Hollow 0.83 0.962 

 

CONCLUSIONS 

This paper has presented the results from a series of thermal tests on five different wall samples 

made of four types of unfired and one type of fired earth bricks. The tests have aimed to quantify 

the efficiency of the walls in minimizing indoor heat losses during winter and indoor heat gains 

during summer. The two wall faces were exposed to different ambient temperatures simulating 

typical indoor and outdoor conditions, respectively, while the heat flux across the wall was 

simultaneously measured. The main findings of the work can be summarised as follows: 

 Effect of firing. The fired bricks exhibit lower thermal conductivity than all unfired earth 

bricks but their thermal efficiency at the wall scale is poorer than that of three out of four 

unfired earth bricks. This apparent contradiction is explained by the incapacity of fired earth, 

unlike unfired earth, to exchange pore water with the surrounding environment. Pore water 

exchanges correspond to the storage or release of latent heat depending on whether 

evaporation occurs in cold climates or condensation occurs in warm climates. Pore water 



exchanges can therefore contribute to an increase of thermal inertia and hence result in a 

gain of thermal efficiency at the wall scale.  

 Effect of dry density. The hypercompacted unfired full bricks exhibit, together with the fired 

full bricks, the poorest thermal performance at the wall scale. This is because the 

hypercompaction of the earth produces an extremely dense material with a very high 

thermal conductivity. This elevated conductivity overrides the benefits of the pore water 

phase changes, especially if the wall is exposed to high outdoor temperatures which cause 

the unfired earth to dry out. A significant improvement of performance is however achieved 

by increasing the earth porosity through the application of a lower compaction effort, thus 

leading to lower levels of thermal conductivity. 

 Effect of embedded hemp fibres. The hypercompacted unfired full bricks incorporating 

hemp fibres exhibit marginally lower densities than the hypercompacted unfired full bricks 

without fibres. Despite this ostensibly similar density, the presence of insulating fibres 

produces a remarkable enhancement of thermal performance at wall scale. Interestingly, 

this improvement is achieved with a relatively low content of hemp fibres corresponding to 

only 1.5% in dry mass.  

 Effect of brick holes. The best thermal performance is observed for the wall made of 

hypercompacted unfired hollow bricks. This is because of the presence of air pockets inside 

the brick holes, which strongly hinders the exchange of heat between outdoor and indoor 

environments. 

Based on the above conclusions, thermal performance at wall scale could be optimised by making 

use of lightly compacted unfired hollow bricks that incorporate hemp fibres. These bricks would 

combine the benefit of a low material density, and hence a low thermal conductivity, together with 

the advantages of a high thermal inertia associated to the phase changes of pore water and the 

additional insulation provided by hemp fibres and air pockets. The manufacture of such optimised 



bricks represents a potential development of the present work and will be the object of future 

research.  

Finally, the results from the present campaign provide an experimental database that can be used 

for validating computational models of raw earth buildings and therefore promoting the use of 

earthen materials in construction practice. 
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