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INTRODUCTION

According to the literature, the issue of the impact of hemp particles on the properties of hemp concrete has been carried out in some studies [ARN 12, NGU 10, NIY 16, STE 13]. However the analysis of these literature studies highlights the necessity and interest of an in-depth study on this subject. In fact, previous studies didn't take into account a sufficient variability of hemp particles used. In addition, during the selection procedure of hemp particles to be used, only particle size [ARN 12] and their origin [STE 13] were taken into account to distinguish them. The first step towards an in-depth study involves the implementation of a classification and selection procedure for hemp particles, taking into account several criteria. This was the main purpose of the first part of our study [ NIY 15]. Within this 1 st step a study was carried out to characterize and compare different types of hemp particles; characteristics considered Include among others: the bulk density, the water absorption capacity and the particle size. Through the analysis of obtained results, it has been demonstrated that the hemp particles properties are of significant variability. For a better understanding of this observed variability, a comparative study was conducted. It is based on multicriteria analysis and has allowed to classify hemp particles in three groups. Group 1; 2 and 3 which would give good, medium and low mechanical performance of hemp concretes, respectively.

In the conclusion of that part, the next step is proposed, which consists in manufacturing hemp concrete test specimens and conducting the experimental tests in order to validate the results of hemp particles characterization. This is the main purpose of the following of the herein study and its results are presented and analyzed in this paper. A multicriteria analysis of the results of hemp particles also allows to classify them in three groups which correspond almost to those obtained in the multicriteria classification of hemp particles. These results leads to conclusion that the hypotheses considered during the prediction of the impact of hemp particles on hemp concrete are partially verified. According to these results, low-sized hemp particles with high water absorption capacity do not necessarily result in the better performance. From this study, it is clear that only the particle size of hemp particle is not enough to predict the performance of hemp concrete. Other characteristics like water absorption capacity must be taken into account, hence, the type of hemp particles that optimizes these characteristics gives hemp concrete of high performances.

MATERIALS AND METHODS

In this study, at one hand we have hemp particles at the other hand hemp concrete. Materials and method used for hemp particles characterization are detailed in a previous study [ NIY 15]. Among characterized hemp particles, nine have been selected for hemp concrete specimens fabrication. Specimens have been fabricated under the same conditions (formulation, curing, etc.).

Parameters for specimens' manufacturing

The wall formulation of 250 kg/m 3 has been used, cylindrical specimens 11x22cm of dimensions have been used. In order to limit the number of specimens tested, we distinguished the main test and the secondary test. In the first case, the specimens are manufactured with a great number in order to have a minimum of nine samples per age (30 and 180 days). In the second case, three control specimens per age are tested at 30 and 180 days. Insofar as 102 specimens were manufactured in the case of this study, a coding was proposed for their easy numbering (Tab. 1).

Tab. 1 : Coding synthesis for numbering of specimen

Type of test

Type hemp particle Specimen size Specimen numbering P : Principal S : Secondary C1 to C13 11 : Cylindrical (11x22cm) From 1 to n in each case.

Manufacturing and testing of hemp concrete specimen

During the manufacture of specimen, for a given hemp particle, the filling of the mold has been done freely by hand with approximately four layers. To ensure the good bond of both successive layers, a scraping of the upper face is carried out. Under these conditions, a model mold is filled and weighed, then other samples are manufactured with the same mass as model sample. This trick allows indirect control of the compaction energy within the same type of hemp particles. One same person fills the model mold, to facilitate the control of compaction energy within different types of hemp particles. After manufacturing, samples are left in their molds for at least 72 hours, since the setting of hemp concrete is slow. After demolding, there are two types of drying, namely: air drying (with the average of 21°C and 48% RH) and drying under an oven (at 60°C for 48 hours). The latter is carried out before tests of density, thermal conductivity and compressive. The method used for thermal testing is the "hot wire" method for determining the thermal conductivity. Moreover, the protocol used to perform the compressive tests as well as the method of exploitation and analysis of the stress-strain curves to determine the Young's modulus are detailed in a previous study [NIY 16]. The results obtained (density, compression strength, modulus, etc.) were exploited and analyzed using a multicriteria analysis approach. This is the same approach as that used for the classification and selection of hemp particles [ NIY 15]. At the end three different groups of hemp concrete are identified. They are almost in accordance with the prediction as it is detailed in the following.

RESULTS AND ANALYSIS

Hemp particles characterization

The results in (Tab. 

Mechanical response by type of hemp concrete

Three main hemp concrete mechanical behaviors have been observed [NIY 17], they differ in their level of strain. On one hand, a low strain around 3% has been observed (Fig. 1); in this case, the maximum compressive stress is observed during the third loading phase before the end of test. On the other hand, a high level of strain is observed and may reach in some cases values beyond 20% (Fig. 4), this last value corresponds to the maximum level chosen for the compressive test protocol [NIY 16]. Another intermediate behavior is also observed and is characterized by moderate strain level with maximum strength values around 5% of strain (Fig. 2). The low level of strain is observed in the case of hemp concrete with small particle size with 1.36 mm 2 for particle mean area and a high mean specific area equal to 18822 mm 2 /3g, C13. In fact, for this hemp type, the particules prevent the good connection in bonding matrix, thus weakining the whole specimen and finaly resulting in low strength. The failure mode is characterized by the total squashing of the specimen in vertical direction as shown in Fig. 1(b). In the case of high strain, due to compressive loading, hemp particles rearranged themselves as a stack of layers. In fact, this rearrangement is facilitated by the particle shape, thanks to its high elongation (3.32), resulting in a good overlapping of the particles against each others. Furthermore, it is possible that the high water absorption capacity for this type of hemp (340% after 48 hours) amplifies the level of deformation. As it has been proved [DIQ 15], there is a competition of water absorption between the binder and the hemp particles. Since this hemp particle has a high water absorption capacity, the water required for the setting and the hardening process of the binder is absorbed by hemp particles; probably the false setting phenomenon occurs. Then the binder does no longer fulfill its mechanical role, and load is transmitted to hemp particles. As a result, the observed mechanical behavior is similar to that of hemp particles under compression as illustrated in Fig. 2 (b) and Fig. 3 (b) for hemp particles and concrete, respectively. It should be noted that these findings are not necessarily generalizable for all the analyzed nine hemp particles types. This let us assume that the chemical interaction between the binder and the hemp particles used can also contribute to the observed mechanical response.

The study of the chemical composition and molecules in plant cell surface may help to better understand the impact of the chemical interaction hemp particles/binder on the setting and hardening process of hemp concrete material. In previous studies [DIQ 15], [DIQ 16], it was shown that these chemical compounds « extracts » may affect significantly the setting process for hydraulic binders. 

Multicriteria analysis for hemp concrete properties

The multicriteria analysis allowed to classify and to select the different types of hemp particles with the possibility to predict their impact on hemp concrete properties [ NIYI 15]. As conclusion to this step of the study, it was suggested to conduct an experimental study on hemp concrete in order validate the proposed classification. This involves the validation of assumptions taken into account during the analysis.

The results obtained show significant variability (Tab.

3). From these results, a correlation study between hemp concrete properties revealed very good correlation's coefficient for some properties. In addition, a separate analysis of hemp concrete properties one by one or two by two allow to evidence the first trend on the impact of hemp particles to hemp concrete. At this level, it is possible to assess the quality of hemp concrete by taking into account not more than two characteristics at a time. As these results are inconclusive, a comparative study taking into account several characteristics at the same time is necessary. It allows to highlight the impact of hemp particles on hemp concrete. The methodology used is the same as for hemp particles [NIY 15]. 

Tab. 3: Mean values for different properties of hemp concrete at 30 and 180 days

Classification of different types of hemp concrete

As a reminder, thirteen different types of hemp particles have been characterized (Tab. 2) and have been subjected to a multicriteria study for their classification [ NIY 15]. Subsequently, nine types among them were selected and used for the manufacturing of hemp concrete specimens. During the selection procedure, three identified groups have been taken into account so that each of them was represented. The selection is detailed below:

 group 1: C10, C12 and C13;  group 2: C2, C3, C4 and C11;  group 3: C5 and C6. Analysis of the study demonstrates the sensitivity of hemp concrete properties due to the hemp particles used. Some are less impacted by the type of hemp, while others are largely modified. On the same scale of comparison as in [NIY 15], the results of (Fig. 5) show dispersions ranging from 1 to 10, especially for mechanical performances. It is also observed dispersions ranging from 8 to 10 for dry density and thermal conductivity properties. For the latter, obtained values for different hemp conretes are closer to each others. This confirms and justifies the choice made during the classification procedure [NIY 15], which consists in basing the prediction approach on the mechaical performances, as they are in fact the most impacted by hemp particles type. Beyond the graphical representation in Fig. 5, it is important to conduct an indepth analysis in order to understand the links between dispersion of hemp concrete properties and hemp particles. A separate representation allows to better distinguish the hemp concrete located in the center, the middle and the periphery of radar diagram, one can therefore differenciate cleary the groups. 

Hemp concrete of group 1

The hemp concrete of this group are those manufactured with hemp particles which have been classified in group 1. Indeed, hemp particles in this group are characterized by small particles size with also low and medium water absorption capacity [ NIY 15]. According to considered assumption, since those properties were deemed to be detrimental to mechanical performance, and given their low values, it was concluded that these hemp particles would result in hemp concrete with high mechanical performances.

In opposite to prediction, obtained hemp concretes are of low mechanical performances. In fact, the water absorption capacity considered as harmful is not necessary detrimental in reality. The beneficial or harmful character is probably related to the nature of binder used. In a study by Nguyen [NGU 10] four types of binder were used, those containing pouzzolans in addition, resulted in better mechanical performances while cement-based hydraulic binders leaded to low mechanical performances.
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Fig. 6: hemp concretes classified in group 1

Morever, the study by Arnaud and Gourlay [ARN 12] concluded that the reduction in particle size improves the mechanical performance of the hemp concrete. However, this is not the case from the results of herein study. This finding was also highlighted in the work of Stevulova et al. [STE 13]. According to their results, the reduction in the particle size leads to an improvement of mechanical performance of hemp concrete at one condition that the used hemp particles are of the same origin. It is to note that, while using the Tradical PF70 binder, Nguyen [NGU 10] also found an improvement of mechanical performance when the particle size increases. From our results, it is demonstrated that the higher the specific surface area, the lower the mechanical performance. This finding is partially in agreement with the results of Arnaud and Gourlay [ARN 12], because the more the specific surface area increases, the more the hemp particles/binder interface increases. However, it has been demonstrated by Nozahic [NOZ 12] that this interface which is bad by nature contributes to poor hemp concrete mechanical performance. Thus, it is clear that the beneficial or detrimental character of the particle size and the water absorption capacity depends on the type of binder and its interaction with hemp particles.

Hemp concrete of group 2

In this group, hemp concrete are characterized by an improvement of their mechanical performances compared to those of group 1. The difference observed for the mechanical performances of this group leads to two subgroups: group A composed of C2 and C3 with subgroup B composed of C4 and C11. Then, the analysis of their geometric characteristics allowed to decide. C11 is characterized by a higher geometry than C12, that the reason why it has been classified in group 2. On the other hand, in the same subgroup, according to the results of classification [NIY 15], the C4 is located at the boundary between the two groups 1 and 2. Its slightly larger size and relatively low water absorption capacity compared to group 1 hemp particles characteristics, allowed to classify it in group 2. While hemp particles of group 1 have mechanical performance values ranging from 1 to 4 on the same comparison scale, one can observe the improvement in group 2, with values ranging from 4 to 7, in particular for the maximum compressive strength.

Hemp concrete of group 3

Hemp concrete of this group are obtained from hemp particles that were also located at the periphery of the radar diagram. According to our hypothesis, these hemp particles were supposed to results in hemp concrete with poor mechanical performances. Nevertheless, a reservation had been expressed about hemp particles of this group due to a better correlation between the results of their characteristics. This was not the case for hemp particles of group 1 and 2 [NIY 15]. Understanding the underlying causes of this good correlation between these characteristics can help to better understand why these hemp particles give high mechanical performance compared to others. Among tracks that can be exploited is the analysis of the internal structure at the microscopic scale for these hemp particles. This will allow to better understand their porosities and to make the link between the hemp particle size and the water absorption capacity. Compared to other groups (1 and 2), these hemp concretes have higher mechanical performances of the order of 8 to 10 always on the same scale of comparison.
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Fig. 8: hemp concretes classified in group 3

CONCLUSION

Type of used hemp particle has been identified as the source of significant dispersions observed, in particular in the case of mechanical performance. It has been highlighted the three main mechanical response during the compression test on hemp concrete. These are mainly mechanical behaviors characterized by low, medium and high level of deformation. The large specific surface area of hemp particles was identified as the source of weak binding of binder-hemp particles interface, resulting in total crushing of specimen. Moreover, the high water absorption capacity which is probably the cause of "false setting effect" associated with particle size have been identified as the source of high level of deformation observed. Unlike the literature, it is clear that only hemp particle size is not enough to predict the performances of hemp concrete produced. Therefore, other characteristics (water absorption, etc.) must be taken into account. Thus, the hemp particle that optimizes these characteristics will result in a hemp concrete with better performances. However, it is possible that by changing the type of binder, the mechanical response may change also.
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 1 Fig. 1: mechanical response: low deformation, specimen before (a) and after (b) test with stress-strain curve (c) [NIY 17].
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 2 Fig. 2: mechanical response: high deformation, specimen before (a) and after (b) test with stress-strain curve (c) [NIY 17].
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 34 Fig. 3: hemp particles mechanical response, before (a) and after (b) compression test [GOU 14].
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 5 Fig. 5: comparison of hemp concretes taking into account different characteristics, (a) 30 days and (b) 180 days.

  Fig. 7: hemp concretes classified in group 2

ACKNOWLEDGMENTS

The authors would like to thank the Auvergne-Rhones-Alpes Region Council (former Auvergne Region Council) for their financial support of this work.