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The building sector plays a major role in reducing greenhouse gas emissions and fighting climate change. Researchers are using waste materials to develop new mortars in order to reduce their environmental impact. Human hair fibers (HHF) accounts for 50% of hair salon waste and is currently incinerated for the most part. These natural fibers have properties suitable for use in construction. They have an elasticity and a tensile strength equivalent to that of copper wire for similar diameters. The purpose of this study is to determine whether the introduction of HHF into mortar enhances their mechanical properties. The effect of 0%, 1%, 1.5%, 2%, 2.5%, 3%, 4%, and 8% human hair by weight of cement on the workability, shrinkage, microstructural and mechanical properties of mortars was studied. A subsequent drop in workability values is found with the increase in the proportion of hair, which is due to the balling of HHF. Adding hair fibers was found to reduce the compressive and bending strength, to increase porosity but it improves the ductility at 4% and 8% HHF.

I. INTRODUCTION

The second most consumed resource after water is concrete, and the increase in concrete production has actually led to shortages of resources such as cement. Additionally, it has resulted in an increase in carbon dioxide emissions as a result of cement manufacturing [START_REF] Gupta | HUMAN HAIR AS FIBRE MATERIAL IN REINFORCED CONCRETE[END_REF]. In general, concrete exhibits fine internal cracks, which ultimately decrease its overall tensile strength. Different fibers, such as steel, glass, synthetic and natural fibers (jute, hemp, sisal), are used to overcome this deficiency [START_REF] Pavankumar | An Experimental Investigation on Human Hair Fibre Concrete[END_REF]. Natural fibers have been incorporated into construction materials for thousands of years, including straw-reinforced clay walls used by Pharos 3000 years ago [START_REF] Manivel | Experimental study on human hair fiber reinforced concrete with partial replacement of cement by GGBFS[END_REF]. The percentage and type of fibers used in fiber reinforced mortars (FRM) can increase the material's mechanical properties (tensile, compressive, bending). Additionally, fibers reinforced in concrete and mortars act as a bridge between small cracks and prevent the spread of larger cracks [START_REF] Khan | Impact of waste fibers on the mechanical performance of concrete composites[END_REF]. A mortar is reinforced with fibers to enhance its thermal properties at a micro level, avoid cracks, and make it lightweight. Despite the majority of composite materials being made from plant fiber, animal fiber is also used. Additionally, human hair fibers can also be used to reinforce concrete and mortar. Syria, Pakistan, and India were the first countries to use human hair fibers in construction materials [START_REF] Jain | Hair Fibre Reinforced Concrete[END_REF]. The current rapid growth of the population has led to a significant amount of human hair waste being produced. Globally, there are 7.7 billion people who produce about 6.9 × 10 5 tons of hair each year [START_REF] Gupta | Clay-traditional material for making Handicrafts 7[END_REF]. In most urban cities throughout the world, human hair waste is thrown into open storage facilities and considered municipal solid waste (MSW) [START_REF] Gupta | Human Hair "Waste" and Its Utilization: Gaps and Possibilities[END_REF]. In most developing countries, human hair is either incinerated with municipal solid waste or flushed into sewers through the toilet, causing harm to the environment. In this case, putting human hair in sewer pipes blocks the pipes and increases nitrogen concentrations, which results in sewage overflowing onto the streets [START_REF] Bheel | Sustainable composite development: Novel use of human hair as fiber in concrete[END_REF]. On the other hand, human hair combustion produces unpleasant odors and hazardous gases like ammonia, carbonyl sulfide, hydrogen sulfide, sulfur dioxide, phenol, nitrite, and pyrrole [START_REF] Brebu | Thermal degradation of keratin waste[END_REF]. As a result, human hair serves not only as a reinforcement material for construction but also as a means of preventing the disposal of waste hair (Sezgin and Enis, n.d.). The use of human hair fibers (HHF) in concrete has been extensively studied, but in this study, HHF was used as fiber in mortars by the weight of cement. Previous studies have only examined the mechanical strength of HHF, but none have discussed its microstructural properties. This study examined the effect of human hair incorporation in mortars at different rates by weight of cement (0%, 1%, 1.5%, 2%, 2.5%, 3%, 4%, and 8%) on workability, shrinkage, mechanical and microstructural properties. There is no treatment prior to using HHF except sorting to remove wastes. In this work, we investigate the effect of HHF incorporated into mortars on shrinkage, bending, and compressive strength in order to determine how they affect mechanical performance. It is necessary to determine the porosity of mortars and microstructure to evaluate their durability (open porosity is measured using mercury injection and pore size distribution), which is also useful when explaining the mechanical properties of mortars.

II. Materials and Methods

A. Materials

Portland cement CEM I 52.5 N CE CP2 NF, normalized sand with a particle size between 0.08 and 2 mm and a density of 1713 kg/m 3 , water and HHF were used. The water/cement ratio is 0.5 and the sand/cement ratio is 3. Human hair was collected from several barbershops in the Paris area. The length of the hair fibers was predominantly around 2 cm, as most of the customers at this particular establishment request haircuts that result in hair clippings of this approximate length. This real-world constraint reflects the practical availability of hair fibers for use in our mortars and provides a meaningful context for our study. In order to determine the diameter of the hair fibers, we employed Scanning Electron Microscopy (SEM) analysis. Our findings indicate that the fibers have an average diameter of approximately 70 micrometers. It is worth noting that human hair diameter can vary depending on factors such as ethnicity, age, and hair type, typically ranging from 40 to 120 micrometers [START_REF] Robbins | Chemical and Physical Behavior of Human Hair[END_REF]. Given that the fibers used in our study were sourced from a diverse population in the Paris region, the observed 70-micrometer diameter represents a reasonable approximation for our sample. Based on the average length and diameter values, we calculated the aspect ratio of the hair fibers, which is an important parameter when considering their reinforcement potential in mortars. The aspect ratio is defined as the ratio of the fiber length to its diameter. In our case, with a length of 2 cm (20,000 micrometers) and a diameter of 70 micrometers, the aspect ratio of the hair fibers is approximately 286. As hair fibers were collected with all the barber's garbage, they were sorted before being used. Hairs are incorporated as an additive to mortars (by weight of cement) in varying percentages, such as 0%, 1%, 1.5%, 2%, 2.5%, 3%, 4%, and 8%.

B. Composite fabrication

The mortar mixes are formulated according to the standard protocol NF EN 196-1. The sample was prepared by mixing cement and water uniformly in the proportions mentioned above, followed by adding sand. The human hair fibers were similarly dispersed in the materials. All the materials were mixed in dry and wet forms for 30 seconds at low speed (140 rpm) and then for 30 seconds at high speed (285 rpm). In the final step, the components are mixed at high speed for 1 minute after scraping the mould for 90 seconds. To test the compressive and open porosity of mortar cubes, 40x40x40mm cubes were used. A mortar beam of 40x40x160 mm is used to determine the flexural strength. In a thermal chamber at 20°C and 50% relative humidity, three mortars with metallic studs were placed for each formulation to measure shrinkage according to NF P 15-433.

C. Experimental methods of characterization 1. Workability

The most general standard workability test employed in fresh mortars is slump test that is carried out according to specifications provided in EN 1235-2:2009[START_REF] Iosr | An Experimental Study on Mechanical Properties of Human Hair Fibre Reinforced Concrete (M-40 Grade[END_REF].

Mechanical performances: compression and bending strengths

Compression and bending tests were conducted on the prepared samples to determine their mechanical properties. To test the compression and bending of each formulation, six samples were fabricated, three of which were tested on day 7 and the remaining three on day 28. As per NF P 18-455, three-point bending and compression are performed using a Controls Pilot4 press with a loading speed of 50 N/s and 2400 N/s, respectively.

Total shrinkage

Many factors influence shrinkage, including atmospheric conditions and curing conditions. Under controlled conditions, the specimen was cured at a relative humidity of 50% and a temperature of 20°C (in accordance with NF P 15-433) [START_REF] Tannous | Study of the effects of incorporating depolluted cellulose acetate in mortars, with and without superplasticizer, in view of recycling cigarette butt waste[END_REF]. To determine the effect of HHF addition on mortar length variation and to monitor shrinkage evolution over time, a Mitutoyo-Controlab micrometer was used. Measurements of shrinkage and mass were conducted simultaneously.

MIP test

In this study, MIP measurements were conducted using a Micrometrics Autopore IV 9520, which is capable of measuring pore diameters from 0.003 to 1000 µm [START_REF] Chen | Investigation on the effect of entrained air on pore structure in hardened concrete using MIP[END_REF]. After removing all air from the penetrometer (0.1 MPa), mercury is injected at low pressure into the instrument. Following that, the pressure is gradually increased so that mercury can reach smaller pores. The samples are then placed under high pressure (up to 414 MPa) in hydraulic fluid.

III. Results and discussion

A. Workability Fig. 1 effectively demonstrates the relationship between slump values and the increase in the amount of human hair fibers (HHF) incorporated into mortars, showing a clear downward trend as the percentage of HHF increases. The control sample, with no human hair fibers, had a slump value of 39 mm, indicative of good workability. However, as the percentage of HHF increased, a gradual decline in workability was observed, with an 8% HHF mixture experiencing a drastic reduction of approximately 99%. This significant decline may be attributed to the inadequate distribution and balling of human hair fibers within the mortar matrix, which could result from factors such as surface properties, aspect ratio, and fiber alignment. The observed trend of reduced workability is consistent with findings reported in multiple studies, including [START_REF] Bheel | Sustainable composite development: Novel use of human hair as fiber in concrete[END_REF], [START_REF] Kanwal | Human Hair as Fiber Reinforced Concrete for Enhancement of Tensile Strength of Concrete[END_REF], (Rai et al., n.d.), and [START_REF] Manjunatha | Experimental study on the use of human hair as fiber to enhance the performance of concrete: A novel use to reduce the disposal challenges[END_REF]. Further research into the factors affecting the dispersion of human hair fibers, as well as comparisons with other types of fibers, will provide valuable insights into the implications of using human hair fibers in mortar and concrete applications.

B. Mechanical performances: Compression and bending strengths

In the Control Pilot4 press, samples were placed one by one between its two jaws, and loads were applied. As shown in Fig. 2, the reference sample exhibited the highest compressive strength at all HHF percentages. When 1% HHF is added to mortar, the compression strength is reduced by 20% compared to mortar without fibers. Additionally, adding further fibers up to 8% results in a loss of compression strength as compared to 0% and 1% at about 59% and 49%, respectively. The density of mortars decreases as the percentage of hair fibers in the mortar increases, resulting in a decrease in compressive strength. Furthermore, the samples were susceptible to porosity and air gaps, which contributed to their low compressive strength. Slump test results are consistent with those of the compression test due to the fact that the addition of HHF reduces workability, which in turn decreases compression strength.

These trends align with findings from other studies that have investigated the effects of adding fibers to mortar mixtures. For instance, studies on the incorporation of various natural fibers, such as sisal [START_REF] Toledo Filho | Development of vegetable fibre-mortar composites of improved durability[END_REF], coir [START_REF] Ramakrishna | Impact strength of a few natural fibre reinforced cement mortar slabs: A comparative study[END_REF], and bamboo [START_REF] Yan | A review of recent research on the use of cellulosic fibres, their fibre fabric reinforced cementitious, geo-polymer and polymer composites in civil engineering[END_REF], have consistently reported a reduction in mechanical strength and workability with increasing fiber content. In the study by [START_REF] Toledo Filho | Development of vegetable fibre-mortar composites of improved durability[END_REF], it was observed that the addition of sisal fibers led to a decrease in compressive strength by 25% to 30%. [START_REF] Ramakrishna | Impact strength of a few natural fibre reinforced cement mortar slabs: A comparative study[END_REF] reported a reduction in compressive strength of up to 20% when coir fibers were added to mortar. Similarly, [START_REF] Yan | A review of recent research on the use of cellulosic fibres, their fibre fabric reinforced cementitious, geo-polymer and polymer composites in civil engineering[END_REF] found that incorporating bamboo fibers resulted in a decrease in compressive strength by approximately 10% to 15%. Researchers have attributed these trends to factors such as fiber-matrix compatibility issues, an increase in porosity, and the hydrophilic nature of natural fibers, which can result in weaker interfaces between fibers and the mortar matrix [START_REF] Li | Chemical Treatments of Natural Fiber for Use in Natural Fiber-Reinforced Composites: A Review[END_REF][START_REF] Ramakrishna | Impact strength of a few natural fibre reinforced cement mortar slabs: A comparative study[END_REF][START_REF] Sezgin | Human Hair Fiber as a Reinforcement Material in Composite Structures[END_REF]. It is also worth noting that some studies have reported improvements in other properties, such as ductility and crack resistance, as a trade-off for the reduced mechanical strength and workability. For example, [START_REF] Bentur | The microstructure and ageing of cellulose fibre reinforced cement composites cured in a normal environment[END_REF] observed enhanced crack resistance and toughness in sisal fiber-reinforced mortar, while [START_REF] Ramakrishna | Impact strength of a few natural fibre reinforced cement mortar slabs: A comparative study[END_REF] reported that coir fiber-reinforced mortar slabs demonstrated increased impact strength. The findings of our study, therefore, contribute to the existing body of literature by demonstrating similar trends in the context of using human hair fibers as a waste natural fiber in mortar mixtures. This further highlights the importance of striking a balance between the desired properties and the practical limitations of using natural fibers in construction materials, and emphasizes the need for continued research to optimize the performance of such materials.

A three-point bending test is used to measure the bending strength of fiber-reinforced mortar. As shown in Fig. 3, mortar without HHF has the highest flexural strength of 7.9 MPa. A slight decrease in flexural strength was observed between the various HHF percentages when HHF was added to the test sample. As a result, we observed that the decrease in flexural strength was lower than the decrease in compression strength when we added 8% HHF. This is because the flexural strength decreased by 33%.

In light of the obtained results from the bending test, it is evident that incorporating fibers, specifically high amounts of HHF, can significantly enhance the overall performance of mortar. This addition increases the ductility of the material, allowing it to absorb excess energy without adversely affecting its structural integrity or other essential properties. Upon conducting the bending test, it was observed that samples containing high HHF contents, such as 4 and 8%, exhibited minimal to no cracking (Fig. 4), demonstrating that the presence of fibers contributes to the material's resilience against crack formation and propagation. This improvement in performance can be attributed to the bridging effect, wherein the fibers distribute stress over a larger area, thus reducing local stress concentrations that often lead to crack initiation. Moreover, the fibers play an essential role in enhancing the composite's strength by preventing crack propagation and increasing ductility, thereby maintaining the material's overall structural stability under stress. Consequently, this leads to a reduction in the number of cracks and an overall improvement in the material's durability. It is worth noting that the results of this study challenge our initial understanding of the role fibers play in mortar composites. The fact that samples with high HHF content did not break during the bending test suggests that there may be additional factors at play, such as fiber-matrix interactions or the synergistic effects of fibers on the overall composite performance. Further research may be necessary to fully comprehend and optimize the benefits of incorporating fibers into mortar and other construction materials. 

C. Total shrinkage

In most cases, adding fibers to mortars can reduce its autogenous shrinkage. Fibers have a higher elastic modulus than mortar, and their bond to the mortar plays an important role in preventing early shrinkage deformation due to their high elastic modulus [START_REF] Wen | Influence of fibers on the mechanical properties and durability of ultra-high-performance concrete: A review[END_REF]. It was not the case here, and shrinkage increased with the increase in HH fiber similarly to the findings of [START_REF] Turatsinze | Positive synergy between steel-fibres and rubber aggregates: Effect on the resistance of cement-based mortars to shrinkage cracking[END_REF], [START_REF] Tannous | Study of the effects of incorporating depolluted cellulose acetate in mortars, with and without superplasticizer, in view of recycling cigarette butt waste[END_REF], [START_REF] Rahimi | Role of homogenization and surface treatment of flax fiber on performance of cement-based composites[END_REF]. According to Fig. 5, the 0% HH fiber had the lowest shrinkage because the water inside the mortar evaporated rapidly in the first week and gradually decreased during the next 32 days until it became stable. After hair fibers were added, shrinkage may have increased due to the water they absorbed and partially released after three weeks leading to their shrinkage and in general to the increase in the porosity induced by the fiber addition. For instance, the shrinkage of mortar increased by 11 % from -741 ± 166 µm/m with the reference mortar to -831 ± 109 µm/m with the 1% HHF. 

D. Mercury Intrusion Porosimeter analysis

The results obtained from the MIP test revealed that the addition of HHF to the mortar significantly increased the porosity of the material. The porosity of each mortar was found to range between 14.1 ± 0.1% and 23.2 ± 0.3%, with an increase in porosity observed when 8% HHF were added, resulting in a porosity of 23.2%.

Moreover, the pore size distribution analysis indicated that the pores in the mortars were divided into four zones based on the variation in pore volume. These zones include a zone smaller than 10 nanometers (micropores), a zone of 10 nm to 100 nm (small to medium capillary pores), a zone of 100 nm to 10 µm (large capillary pores), and a zone larger than 10 µm (macropores). Interestingly, each mortar had pores ranging from 10 nm to 100 nm, which were almost the same size. However, there was a noticeable increase in HHF in the last two zones (100 nm to 10 µm and larger than 10 µm), which suggests that the addition of HHF led to the formation of larger capillary and macro pores.

The increase in porosity observed in the mortars incorporating HHF can be attributed to the interfacial bonding between the fibers and the cementitious matrix. The addition of HHF can enhance the bonding between the fibers and the matrix, which may lead to the formation of larger pores as the fibers create voids during the mixing process. The increased porosity may also have a positive impact on some of the material properties, such as permeability and thermal insulation. However, the optimum concentration of HHF that can be added to the mortar without compromising its mechanical properties is critical. Therefore, further studies are required to determine the balance between mechanical properties and porosity to develop mortars with enhanced bonding, permeability, and thermal insulation properties while maintaining the necessary mechanical strength for their intended application. The use of human hair fibers as a waste material can promote environmental sustainability in sustainable construction practices. 

IV. Conclusion

The purpose of this study was to examine the effects of HHF on the mechanical properties of mortar. By adding HHF to mortar, the strength of the mortar has been decreased and crack propagation has been reduced. The use of hair waste can contribute to solving environmental problems. These were the significant outcomes of this study:

• The workability of mortar containing no fibers was significantly higher than that of fiber-reinforced mortar. As a result of lumps within the mortar and fibers clinging to each other, the workability of the mortar decreased. A decrease in workability occurs when the hair content increases. • As a result of the presence of HH fiber in mortars, the total shrinkage increased. Further investigation is required to determine how much water is absorbed by HH fibers.

• According to the MIP test, pores larger than 10 µm become more prevalent as the HHF content increases. With the addition of HH fiber, MIP results showed a gradual increase in porosity.

• The compressive and bending strengths were compatible with workability and porosity, suggesting a decrease in mechanical strength with increasing fiber content.

• The ductility of mortars was improved at high HHF rates.

In conclusion, while concerns regarding shrinkage, workability, and compressive strength at higher fiber rates have been raised, it is important to consider the potential benefits associated with the incorporation of Human Hair Fibers (HHF) in mortars. The observed decrease in density and increase in porosity upon the addition of more HHF suggest promising implications for the reduction of thermal conductivity, positioning HHF as a valuable waste natural fiber for use in mortars for thermal insulation purposes. In future work, thermal tests will be conducted to validate the hypothesis that the decrease in dry density and increase in porosity will result in a drop in thermal conductivity. The use of superplasticizer and the enhancement of mix design could improve the mechanical performances and open a new path in the construction industry for the efficient reuse of this waste material. Furthermore, the improvements in ductility and the absence of crack traces in mortars containing higher amounts of HHF underscore the potential advantages of incorporating HHF into mortar composites. As such, despite the concerns related to shrinkage and compressive strength, the potential benefits in thermal insulation and ductility merit further investigation and exploration of the use of HHF in mortars.
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