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Abstract
In the last decades, bio-based building materials have regained interest in a 

global warming acceleration context. Hemp concretes, composed of hemp aggre-
gates and binders (mostly lime or cement), are nowadays regularly investigated. 
Their good hygrothermal properties and the use of fast-growing bio-based re-
sources that can store carbon in the building stock during its lifetime are their 
major features. However, the use of hydraulic binders in their composition pres-
ents some drawbacks with their embedded carbon footprint, thus the partial or 
full replacement of these binders with unfired clayey materials can be relevant. 
In this study, the use of different clayey quarry co-products, washing sludge, in 
replacement of traditionally used hydraulic lime is investigated. In laboratory, 
the studied materials are processed at a same rheological state that is equiva-
lent to the on-field consistency of a conventional sprayed lime-hemp concrete. 
The hemp/binder ratio is remaining constant as far as possible. Two main issues 
are targeted in this work. Firstly, with a given clayey material one first aim is to 
highlight the effect of the reduction of lime content (from 20% to 2% in mass of 
the clayey binder) on dry mechanical properties (density, compressive strength) 
and thermal conductivity of these hemp concretes. Then at a given clay/lime ratio 
(lime addition of 10% in mass of the clayey binder) three other clayey materials 
are studied to highlight the effect of their variability (clay activity, particle size 
distribution, mineralogy) on the same properties. The first obtained results display 
the fact that the lime content reduction for a given clayey binder seems to lead 
to higher thermal conductivity, higher dry densities, and higher dry compres-
sive strengths. For this given material the thermal conductivities (measured at 
10 °C at dry state) are ranging from 0.06 to 0.072 W.m-1.K-1,(better than the 
conventional performances of lime hemp concretes) while their dry densities are  
ranging from 250 to 350 kg/m3. The second study highlights the fact that the 
mechanical and thermal properties of hemp concrete are much more impacted 
by the variability of clayey part of the binder. For all of the studied materials the 
thermal conductivities (measured at 10 °C at dry state) are ranging from 0.06 to 
0.11 W.m-1.K-1, while their dry densities are  ranging from 250 to 600 kg/m3. For 
some clayey materials that displayed low clay activity the hemp/binder ratio was 
modified in order to obtain a suitable consistency to be processed. Finally, the 
use of clayey quarry co-products in replacement of hydraulic lime in the binding 
phase of hemp concretes seems to be easily achievable, leading to robust thermal 
and mechanical behavior if the clayey materials is carefully chosen. It also seems 
possible to adapt the mix compositions to the variability of clayey materials with 
weaker thermal performances.
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CM E; CM V and CM G. Figure 1 displays the particle size 
distribution of these fine earthen materials obtained by laser 
diffraction. Table 1 highlights some of their geotechnical 
properties, such as Atterberg limits and methylene blue value. 
The materials used were of nanomaterials.

The lime that was used in this study, is a commonly used 
mix of air lime, hydraulic lime and pozzolan sold under the 
trademark Tradical® PF70.

The hemp that was used in the mix is an industrial hemp 
sold under the label Chanvribat®. For each formulation the 
hemp/binder ratio remained constant at 0.55 except for CM 
V, for which this ratio was 0.3, because of the impossibility to 
include more hemp fibres due to the low volume of binder. 

Introduction
In the actual context of global warming there is a strong 

need to assess the greenhouse gases emission problem. The 
building sector is responsible of a consequent part of this glob-
al emissions, and it is partly due to the massive production 
of cement-based materials [1]. This sector is also consuming 
large quantities of natural materials that could, locally, become 
scarce [2]. Regarding these issues, the development of less pol-
luting building materials such as earthen materials has recent-
ly regained a strong interest from this industry [3]. Also, the 
need to better insulate the existing and future buildings is now 
mandatory to reduce energy consumption of buildings [4]. 
By developing bio-based insulating materials, using earthen 
binders the potential to reduce carbon footprint of the build-
ing sector is concrete. This study focus on the potential use of 
clayey resources to replace lime as binder in lime-hemp insu-
lating materials. In this paper the ability of 4 different quar-
ry co-products to be efficient binders is investigated to better 
understand the influence of their variability on mechanical 
and thermal properties of the formulated bio-based concretes. 
To obtain comparable results, all of the formulated materials 
are processed at a given consistency, equivalent to the on-field 
consistency of a conventional sprayed lime-hemp concrete, 
and as far as possible, the hemp/binder ratio is remaining con-
stant. For a reference clayey mud, the effect of the reduction 
of lime content (from 20% to 2% in mass of the clayey binder) 
is studied, and for a given lime content of 10% in mass of 
the clayey binder the influence of the clayey mud properties is 
studied for 4 different resources. 

First a consistency tuning step were conducted, to aim 
for a same rheological state for the different formulations. 
Then some mechanical properties of the formulated bio-based 
concretes were assessed. Finally, their thermal properties were 
measured and compared.

Materials and Method 
Materials

Four different kinds of quarry co-products were studied. 
All of them were clayey mud, washing fines extracted from 
different Breton quarries: CM H (Reference washing mud), 

Figure 1: Particle size distributions of the 4 earthen materials.

Table 1: Some geotechnical properties of the studied clayey quarry 
co-products.

Type of Clayey Mud CM H (Reference) CM E CM V CM G
Liquid limit Wl (%) 64.6 43.4 75.3 78.1
Plastic limit WP (%) 27.7 22.5 30.2 29.9
Plasticity index 36.9 20.9 45.1 48.1
Methylene Blue Value 2.1 1 0.95 3.96

Table 2: Description of the different hemp-concrete formulations tested to assess mechanical and thermal properties.

Formulation - CM Type 
and Lime content (L) Water/Binder ratios Number of cubic samples (100 x 

100 x 100 mm3)
Number of plate samples 

(50 x 250 x 250 mm3) Hemp/Binder ratio

CM H + 20% L 3 3 1 0.55

CM H + 10% L

3.5 3 1 0.55
3.1 3 1 0.55
2.8 3 1 0.55
2.5 3 1 0.55

CM H + 8% L 3.15 3 1 0.55
CM H + 6% L 3.1 3 1 0.55
CM H + 4% L 3.05 3 1 0.55
CM H + 2% L 2.5 3 1 0.55
CM E + 10% L 1.65 3 1 0.55
CM V + 10% L 0.95 3 1 0.3
CM G + 10% L 1.6 3 1 0.55
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mm/min during 10 min and the compressive stress at 1% and 
2% strain were measured for each sample. For each sample the 
dry density was determined before compressive test. No elastic 
modulus was measured in this campaign, the press being 
slightly inaccurate for elastic modulus measurements. 

Thermal conductivity measurements

For each formulation, a 250 x 250 x 50 mm3 sample was 
processed and placed inside a heat flow meter apparatus to 
measure its thermal conductivity following the ISO 8301:1991 
international standard [7]. The experiments were here 
performed at mean temperature of 10 °C and 23 °C, the hot 
and cold plate set to ensure a 10 °C temperature difference as in 
El Assaad et al. study [8]. The measurements were conducted 
on dried samples (in oven at 45 °C until mass stabilization) to 
ensure a relative humidity of approximately 0% during the test, 
as the moisture can affect the measurements [8]. Measurements 
obtained at 10 °C are mostly used in certification experiments 
before marketing while 23 °C measurements are more spread 
in the scientific community to have comparable results. 

Results and Discussion
Consistency tuning 

The first part of this study consisted of a consistency tun-
ing step for the binding phase of these bio-based concretes, 
in order to reach a comparable consistency for each studied 
formulation. The reference consistency was defined by water 
and PF70 lime, at a water-binder ratio of 1.4. The obtained 
apparent yield stress to aim for were the following: τ0 = 3.46 
Pa and τ’0 = 0.77 Pa. For each formulation of binding phase, 
the optimum water/binder ratio to aim for was thus deter-
mined. Table 3 displays these optimum ratios for each studied 
formulation. 

In this study, another aim was to understand the influence 
of a variation in this water-binder ratio on the thermal and 
mechanical properties. Thus, for the reference formulation 
CM H + 10% Lime, samples at various water-binder ratios 
were made: W/B = 2.5, W/B = 2.8, W/B = 3.1, and W/B = 
3.5. All of the tested sample’s formulations are listed in table 2. 

Mechanical properties

For each formulation, mechanical tests were carried out. 
Figure 2 displays the results obtained for the reference clayey 
mud CM H, for different testing direction or different water/
binder ratio at a given hemp/binder ratio of 0.55. The uncon-
fined compressive stress (UCS) measured at 1% or 2% strain is 
plotted versus the apparent dry densities of the samples or ver-

This could be a first hint that highlights the influence of clay 
activity on formulation of earth-hemp samples.

All the samples were cast in laboratory at a “sprayed 
lime-hemp concrete” consistency. Two sizes of samples were 
studied: 100 x 100 x 100 mm3 cubic samples for mechanical 
properties and 250 x 250 x 50 mm3 plate samples for thermal 
conductivity measurements. 

In this study report, following the rheological tuning 
section, table 2 resumes all of the samples that were studied 
for each formulation.

Methods

Rheological assessment

For each of the tested mix, a given rheological state 
based on the consistency of conventional sprayed hemp-lime 
material was aimed. It had to correspond to a water-lime ratio 
of approximately 1.4. To reach this aimed consistency two 
methods were intended, to assess this consistency and to aim 
for it for each formulation. 

First, yield stress of the reference lime-water mix was 
measured at low rate ( 10.01 sγ −= ) using an Anton Paar 
MCR 702 rheometer equipped with vane geometry, immedi-
ately after mixing, as in Perrot et al. study [5]. The vane geom-
etry tool that was used present a 13 mm R1 radius, a 40 mm 
H height and a 11 mm R0 radius. A yield stress τ0 was thus 
determined using equation (1) for this reference mix (narrow 
gap hypothesis, homogeneous shear stress). Then for each for-
mulation, aiming for this yield stress 0τ  eased the adaptation 
of each earth-lime mix consistency. 

0
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Also, this reference yield stress was assessed using a slump/
spreading flow test widely used in literature, using the equa-
tion (2) suggested by Roussel and Coussot [6], taking into ac-
count. This method also allowed for each formulation, to aim 
for a yield stress τ’0, and thus to the targeted consistency. 
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Mechanical tests

Compressive tests were carried out with a 3R®Synthax 
press with a 50 kN stress sensor. The strain was measured 
with the plate displacement. All the samples that were tested 
were approximatively 100 x 100 x 100 mm3 cubic samples and 
were dried in oven at 45 °C until mass stabilization before 
testing. Two directions were studied for each formulation 
to highlight the anisotropic behavior of these samples, a 
direction parallel to the manufactured layers and a direction 
perpendicular to these layers, in each figure these directions 
(parallel or perpendicular) will be notified for each dataset. The 
tests consisted in a simple loading range at a constant rate of 1 

Table 3: Optimum Water/Binder ratios for a "sprayed lime hemp" consistency.

Mix Design
Optimum Water/Binder ratio

CM H (Reference) CM E CM V CM G
CM + 20% Lime 3 - - -
CM + 10% Lime 3.1 1.65 0.95 1.6
CM + 8% Lime 3.15 - - -
CM + 6% Lime 3.1 - - -
CM + 4% Lime 3.05 - - -
CM + 2% Lime 2.5 - - -
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lowest water/binder ratio, with a lower hemp/binder ratio, is 
leading to the highest densities and strengths. These higher 
mechanical properties could also lead to higher thermal 
conductivities. For the 3 other clayey mud, the lowest densities 
and mechanical strengths are obtained for CM H that was 
processed at a high water/binder ratio and that present a quite 
high methylene blue value. For CM E and CM G the water/
binder ratio was closed, so the obtained densities are similar, 
however, for CM G that is finer and presents a high methylene 
blue value, the obtained mechanical strength seem to be higher. 

From these observations, some conclusions could be 
reached. Since the density seems to drive the mechanical 
properties of bio-based concretes, it could seem appropriate to 
aim for low hemp contents, but that could be counterproductive 
in terms of thermal properties. An equilibrium should be 
found between mechanical properties and hemp content: 
further experiment should be conducted, but it is likely that it 
exists an optimal hemp/binder ratio that could allow sufficient 
mechanical strength, with low thermal conductivity. Also, the 
methylene blue value and particle size distribution of a given 
earthen could be hints to estimate a mechanical strength at 
a given density for a given hemp/binder ratio with further 

sus the water/binder ratio. It appears in figure 2a that in these 
conditions, the parallel tests ensured systematically higher me-
chanical properties, which is a good point for a sprayed bio-
based concrete, since it is representative of in-service loading 
conditions. For the rest of the study, this direction will be ana-
lyzed. However, the measured UCS at a 1% strain seems to be 
slightly low according to the literature values currently rang-
ing from 0.2 to 0.4 MPa [9]. These low apparent UCS could 
be due to the method of measurement of this UCS: here the 
choice has been made to reduce the tolerated strain to 1% or 
2% were in the literature, the measured UCS is frequently the 
maximum stress before irreversible deformations (at higher 
strains than 1% or 2%) [10]. Another fact that could explain 
these low mechanical properties is the high water/binder ratio 
and the relatively low hemp/binder ratio. Other experiments 
should be conducted on formulations of materials with hemp/
binder ratios ranging from 0.55 to 1 or more to optimize the 
granular matrix of these bio-based concretes. In figure 2b it 
also appears that the change in water/binder ratio for a given 
mix (CM H + 10% Lime) and a relatively low hemp/bind-
er ratio (0.55) leads to different UCS, mainly conducted by 
the change in dry density. It is fair to assume that for a given 
mix design (hemp/binder ratio and earth/lime mix), it exists 
an optimal water/binder ratio to reach an optimal mechanical 
strength. Finally, it logically appears that when the dry densi-
ty of a given material increases, its mechanical strength also 
increases. 

Figure 3a and 3b display the obtained UCS (at 1% strain 
or 2% strain) versus dry density for different mix of reference 
CM H and various lime contents. It appears that a reduction 
of the lime content leads to an increase of the dry density, and 
thus to an increase of mechanical properties. It seems to be 
linked to the nature of the binding phase, earthen materials 
being slightly denser than lime. It is also linked to the changes 
in water/binder ratio to obtain a given consistency. Further 
experiments should be led to better understand the influence 
of a change in binding phase, focusing on clayey activity of 
the earthen binder, specific densities of lime and earth, hemp/
binder ratio, and water/binder ratio.

Finally, figure 4 highlights the influence of clayey binder 
type on mechanical properties of bio-based concretes. It first 
appears that the coarsest clayey mud CM V, presenting the 
lowest methylene blue value (clay activity), processed at the 

Figure 2: Influence of direction, dry density, and water-binder ratio on 
mechanical properties of earth-lime-hemp materials.

Figure 3: Influence of lime content on the mechanical properties of a 
given bio-based concrete.

Figure 4: Influence of type of clayey mud on mechanical properties of 
bio-based concretes.
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experiments as it is already used in earthen building materials 
formulation [9, 11]. Also, in this study, some measurements 
are missing such as elastic modulus, and it could also be a 
subject for future experimental campaigns.

Thermal properties

Finally, for each tested formulations, thermal conductiv-
ity was measured on dedicated samples at the dry state with 
an HFM apparatus at mean temperatures of 10 °C and 23 
°C. Figure 5 displays the obtained results at 10 °C and 23 °C 
for CM H + 10% Lime (reference) at different water/binder 
ratios at a given hemp/binder ratio of 0.55. It appears in fig-
ure 5a that thermal conductivity logically increases when the 
dry density of the specimens increases. However the range of 
obtained thermal conductivities is quite good for hemp con-
crete, ranging from 0.064 W.m-1.K-1 to 0.078 W.m-1.K-1 at 23 
°C and from 0.06 W.m-1.K-1 to 0.072 W.m-1.K-1 at 10 °C. In 
figure 5b it appears that, at a given hemp/binder ratio, a reduc-
tion of the water/binder ratio would lead to higher thermal 
conductivities (because of higher densities).

Figure 6a displays the variation of thermal conductivity 
for CM H with various lime contents. As the lime content 
is increasing, the water/binder ratio is mostly increasing, and 
the obtained dry density is decreasing. Thus, the thermal 
conductivity is lower for a higher lime content (20%). Figure 
6b highlights the influence of clayey mud type on obtained 
densities and thermal conductivities. As it was expected, CM 
V, with high densities due to low water/binder and hemp/

binder ratios is leading to high thermal conductivities around 
0.1 W.m-1.K-1 when CM H is leading to the lowest thermal 
conductivities, due to high water/binder ratio and low densities. 
At comparable densities (near 330 kg/m3), the less active clayey 
mud CM E is leading to lower thermal conductivities (lowest 
mechanical strength, λ = 0.06 W.m-1.K-1) than CM G (most 
active earthen material, higher mechanical strength, λ = 0.1 
W.m-1.K-1). For this range of densities, CM H, that presents 
an intermediate clay activity, allows to reach intermediate 
thermal conductivities between 0.07 and 0.08 W.m-1.K-1. 

Conclusion
In this study several tests were conducted. First the aim 

was to develop a sprayed hemp concrete with a reduced use 
of lime in its composition replaced by different clayey muds 
as binders. The potential use of these earthen resources seems 
to be promising, since the obtained results led to thermal 
conductivities ranging from 0.06 W.m-1.K-1 to 0.1 W.m-1.K-1. 
However, some further experiments should be conducted in 
order to better formulate these hemp-concretes. First there is 
a need to study various processing methods (such as compact-
ed earth-hemp blocks) and various hemp/binder ratios. This 
could allow to reach better mechanical strength at low den-
sities for maintained thermal performances. Also, with these 
experiments conducted on a given earthen binder could help 
to build a predictive model as in Tronet et al. study [10], that 
could link hemp/binder ratio, compaction energy and water/
binder ratio to better control the final properties of the for-
mulated hemp concrete. Also, further investigations should be 
conducted to obtain more consistent mechanical properties 
such as mechanical strength (maximum stress before irrevers-
ible deformations) and elastic modulus at low strain. Finally 
further experiments should be conducted following the pre-
vious recommendations for different earthen binders (clayey 
muds) to better understand the influence of clay variability on 
final properties of formulated bio-based concrete. These po-
tential experimental campaigns should help to design robust 
formulations of earth-hemp concretes that could be industri-
ally produced by being compacted or sprayed, with as little 
amount of lime as possible.

Acknowledgments
This research was funded by the ANR (Agence Nation-

al de la Recherche) within the framework of the Labcom 
COLORE “Construction with local ressources” ANR-21-
LCV3-0008.

Conflict of Interest
None.

References
1.	 Scrivener KL, John VM, Gartner EM. 2018. Eco-efficient cements: 

potential economically viable solutions for a low-CO2 cement-based 
materials industry. Cem Concr Res 114: 2-26. https://doi.org/10.1016/j.
cemconres.2018.03.015 

2.	 Ioannidou D, Meylan G, Sonnemann G, Habert G. 2017. Is gravel 
becoming scarce? Evaluating the local criticality of construction ag-
gregates. Resour Conserv Recycl 126: 25-33. https://doi.org/10.1016/j.

Figure 5: Evolution of thermal conductivities of CM H + 10% L for 
different densities and water-binder ratios.

Figure 6: Evolution of thermal conductivities (a) of CM H for different 
lime contents and (b) for various clayey muds as binder.

https://www.sciencedirect.com/science/article/abs/pii/S0008884618301480
https://www.sciencedirect.com/science/article/abs/pii/S0008884618301480
https://www.sciencedirect.com/science/article/abs/pii/S0008884618301480
https://doi.org/10.1016/j.cemconres.2018.03.015
https://doi.org/10.1016/j.cemconres.2018.03.015
https://www.sciencedirect.com/science/article/abs/pii/S0921344917301957
https://www.sciencedirect.com/science/article/abs/pii/S0921344917301957
https://www.sciencedirect.com/science/article/abs/pii/S0921344917301957
https://doi.org/10.1016/j.resconrec.2017.07.016


S74NanoWorld Journal | Volume 9 Supplement 2, 2023

Substitution of Lime by Quarry Co-products in Hemp Concrete: Impacts on Mechanical and Thermal Properties Guihéneuf et al. 

resconrec.2017.07.016 

3.	 Gallipoli D, Bruno AW, Perlot C, Mendes J. 2017. A geotechnical per-
spective of raw earth building. Acta Geotech 12: 463-478. https://doi.
org/10.1007/s11440-016-0521-1 

4.	 Global Status Report 2018: Towards a Zero-emission, Efficient and 
Resilient Buildings and Construction Sector. [https://wedocs.unep.org/
handle/20.500.11822/27140] [Accessed September 21, 2023]

5.	 Perrot A, Rangeard D, Levigneur A. 2016. Linking rheological and 
geotechnical properties of kaolinite materials for earthen construction. 
Mater Struct 49: 4647-4655. https://doi.org/10.1617/s11527-016-
0813-9 

6.	 Roussel N, Coussot P. 2005. “Fifty-cent rheometer” for yield stress 
measurements: from slump to spreading flow. J Rheol 49(3): 705-718. 
https://doi.org/10.1122/1.1879041

7.	 ISO 8301:1991 - Thermal Insulation - Determination of a Steady-state 
Thermal Resistance and Related Properties - Heat Flow Meter Appa-
ratus. [https://www.iso.org/standard/15421.html] [Accessed Septem-
ber 21, 2023]

8.	 El Assaad M, Colinart T, Lecompte T. 2022. Effect of moisture mi-
gration on the thermal conductivity measurement of wet isolating ma-
terials during an HFM test. In 5th Central European Symposium on 
Building Physics, Bratislava.

9.	 Vinceslas T. 2019. Caractérisation d’éco-matériaux Terre-Chanvre en 
prenant en compte la variabilité des ressources disponibles localement. 
Department of Civil Engineering, Université Bretagne Sud Lorient. 
(Doctoral Dissertation)

10.	 Tronet P, Lecompte T, Picandet V, Baley C. 2016. Study of lime hemp 
concrete (LHC)–Mix design, casting process and mechanical be-
haviour. Cem Concr Compos 67: 60-72. https://doi.org/10.1016/j.cem-
concomp.2015.12.004 

11.	 Guiheneuf S. 2020. Formulation et renforts de blocs en matériau terre 
pour une utilisation structurelle. INSA de Rennes, Français. (Doctoral 
Dissertation)

https://doi.org/10.1016/j.resconrec.2017.07.016
https://link.springer.com/article/10.1007/s11440-016-0521-1
https://link.springer.com/article/10.1007/s11440-016-0521-1
https://doi.org/10.1007/s11440-016-0521-1
https://doi.org/10.1007/s11440-016-0521-1
https://wedocs.unep.org/handle/20.500.11822/27140
https://wedocs.unep.org/handle/20.500.11822/27140
https://link.springer.com/article/10.1617/s11527-016-0813-9
https://link.springer.com/article/10.1617/s11527-016-0813-9
https://link.springer.com/article/10.1617/s11527-016-0813-9
https://doi.org/10.1617/s11527-016-0813-9
https://doi.org/10.1617/s11527-016-0813-9
https://pubs.aip.org/sor/jor/article-abstract/49/3/705/239993/Fifty-cent-rheometer-for-yield-stress-measurements
https://pubs.aip.org/sor/jor/article-abstract/49/3/705/239993/Fifty-cent-rheometer-for-yield-stress-measurements
https://doi.org/10.1122/1.1879041
https://www.iso.org/standard/15421.html
https://www.sciencedirect.com/science/article/abs/pii/S0958946515300603
https://www.sciencedirect.com/science/article/abs/pii/S0958946515300603
https://www.sciencedirect.com/science/article/abs/pii/S0958946515300603
https://doi.org/10.1016/j.cemconcomp.2015.12.004
https://doi.org/10.1016/j.cemconcomp.2015.12.004

	Abstract
	Keywords
	Introduction
	Materials and Method 
	Materials
	Methods
	Rheological assessment
	Mechanical tests
	Thermal conductivity measurements


	Results and Discussion
	Mechanical properties
	Thermal properties

	Consistency tuning 
	Conclusion
	Acknowledgments
	Conflict of Interest
	References
	Figure 1
	Table 1
	Table 2
	Table 3
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6

