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Sustainable structures are an important area of research, particularly for anticipated extended human presence on the Moon or Mars. Persistent human presence on the Moon will require building materials that are already present at the site to construct bases. The high cost associated with reinforcing metal (rebar) in mission payloads necessitates the exploration of alternative reinforcement methods for sustained lunar bases. Human hair is strong in tensile strength and will become available in any long-term mission. By using otherwise wasted hair instead of heavy metal, mission payloads and costs could be lowered. Concrete workability, compressive strength, and porosity were measured for a series of different cement compositions. These compositions consisted of combinations of Ordinary Portland Cement (OPC), lunar regolith, deionized (DI) water and human hair. Increased workability and porosity were found for increasing hair concentrations. Compressive strength slightly decreased with increased hair concentration.
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1 INTRODUCTION
To construct any permanent structures on the moon or exoplanet, astronauts will need to source the building materials locally using lunar soil and transported resources, which increases mission costs. A local resource that can be found on the moon is lunar regolith, which can significantly reduce the amount of Ordinary Portland Cement (OPC) needed from the earth. When working with cement, metal rebar is utilized to increase the tensile strength. The greatest issue with metal rebar is the further increased cost due to weight and amount of rebar that would be required to construct the permanent structures. One biomaterial that is high in tensile strength is hair. Human hair grows at about 1.25 cm (½ inch) per month (Meghwar et al., 2020). It is made of keratin microfibrils and is considered a bio elastomer due to its elastic qualities. Keratin is a protein and among the toughest biological materials, with both high toughness and high modulus of elasticity. Human hair has a tensile strength of about 225 MPa (Wang et al., 2016). With any long-term mission, personnel may desire to cut or shave their hair for comfort or hygiene reasons. Rather than waste this resource, such hair may be utilized to produce stronger tensile strength building material. Human hair may be ideal for use in concrete if used in the correct proportion and it is completely biodegradable, renewable, and easily available at a negligible cost since it is a waste material (Batham, 2018; Patel and Srivastava, 2021).
Bheel et al. (2018) found 0.25% addition of human hair in plain concrete to increase strength. Meghwar et al. (2020) reported that a 1% addition of human scalp hair of various sizes increased tensile strength in cylindrical concrete samples, but decreased density and workability (Meghwar et al., 2020). Human hair addition of 1.5% has been reported to impede the mixing process, but to improve compressive strength (Zaidi et al., 2018). Gupta (2014) claimed that any kind of hair could be used to increase compressive strength for fly ash based cement (Gupta, 2014). For oil well cement, an addition of 0.4% hair by volume was found to improve cement properties (Al-Darbi et al., 2006). An optimal amount of human hair of 2% has been reported for improvement of flexural and compressive strength in concrete (Manjunatha et al., 2021). Kanwal et al. (2020) found 1.5% human hair addition to improve compressive strength, but noted workability issues (Kanwal et al., 2020). With added silica fume, human hair has been found to increase compressive, flexural, and split tensile strengths (Akbar et al., 2023). The present work investigates the slump, split tensile strength, and porosity of regolith-based cement with human hair added.
2 MATERIALS AND METHODS
2.1 Materials
2.1.1 Ordinary portland cement (OPC)
Commercial grade from Quikrete Portland cement type I/II (no. 1124) was purchased from Lowe’s. It complies with the American Society for Testing Materials (ASTM) C 150 specifications.
2.1.2 Lunar regolith
One type of Lunar regolith was used in this study, i.e., Lunar Highlands Stimulant (LHS-1) as shown in Table 1. This was used to create 40% lunar regolith with 60% OPC batches. They were procured from the Exolith Lab (Oviedo, FL, USA).
TABLE 1 | Lunar Regolith (Exolith Lab, 2023) and typical OPC Composition (Holcim (US) Inc. 2020) in mass% concentrations.
[image: Table 1]2.1.3 Hair
Human scalp hair was donated by and collected from a local hair cutting facility, Patterson’s Barber Shop, Ruston, LA. Hair was prepared by drying the hair at ∼378 K (105°C) to remove excess moisture and cut to approximately 10 mm in length before adding it to dry cement. This hair size was chosen to ensure homogeneous dispersion in the cement mortar, reduce entanglement, and decrease shrinkage after casting (Balaguru and Shah, 1992; Chung, 2005; Manjunatha et al., 2021). A mixture of hair shapes was used.
2.2 Methods
2.2.1 Preparation of cement batching
Cement samples were prepared following the ASTM C192 standards. Cylindrical plastic mold casings were used for each batch. Each mold casting was 5.08 cm (2 inches) in diameter and 10.16 cm (4 inches) in height. For this project, a control of OPC was compared to the lunar regolith-based cement with three different concentrations of hair, 0.5%, 1%, and 2%. LHS-1 and OPC were used to create 40% lunar regolith and 60% OPC batches by mass. Using partial regolith at this ratio was recommended by our NASA collaborators. The dried hair (without leftover moisture) was cut to approximately 10 mm segments and stirred with dry cement before being evenly dispersed in the cement bowl. Orientation was impossible to achieve since long hair length segments were not used. Long segments do not give optimal workability and compressive strength (Balaguru and Shah, 1992). Additionally, long hair segments would clog any future automatic mixer-processors. We did not consider the effects of the shape of the hair for this study and a future investigation is planned for that study. Each batch was prepared using a KitchenAid 600™ mixer. Table 2 shows each cement mixture and its respective compositions. The OPC and lunar regolith-based simulant were slowly combined with water until a consistent mixture formed.
TABLE 2 | Cement batched prepared and weight compositions (g).
[image: Table 2]2.2.2 Mini-slump test
The cement mixture was poured into a frustum mini-slump cone (height = 57.0 mm, top internal diameter = 18.8 mm, and bottom internal diameter = 36.8 mm) over a grid plate to measure the slump height and area. This simulates a miniature version of the conventional slump test, a modification of the standard ASTM C134-00 slump cone test. The cone was then lifted upward slowly to allow the cement to spread on the grid plate. The area of the cement spread as well as the height were recorded, and these values used as a measure of the workability of the cement mixture. The average slump height and slump spreading area were found for three samples from three batches of each type of concrete mixture to ensure consistency and minimize standard error. Supplementary Figure S1 shows an image of the method used.
2.2.3 Cement curing
The cement mixture after slump testing was poured into cylindrical molds of 5.08 cm diameter and 10.16 cm height and allowed to cure for 48 h at room temperature, as found to be necessary for regolith-based cement. After 48 h, the cement samples were removed from the molds and placed into a lime bath to allow for curing. The lime bath consisted of 2 g of calcium hydroxide for every 1 L of deionized (DI) water at room temperature ∼298 K (25°C) and atmospheric pressure for 28 days, the standard method for curing.
2.2.4 Split tensile test
Split tensile strength testing was performed for each concrete sample after the 28-day curing period. A load rate was manually applied until the sample failed. Once the sample failed, the machine would stop applying the force and display the resulting strength of the sample. The split tensile strength reflected the amount of force the cement sample could carry before breaking. A Test Mark industries compression tester (East Palestine, OH, USA) was used for split tensile testing following ASTM C 496 standard test protocol. In this method, the cylinder is placed sideways in the tester (Supplementary Figure S2).
2.2.5 Porosity
After tensile testing, each sample and its fractured pieces were labeled and bagged. A fragment of cement from each sample 5–10 g in size was weighed to be used for porosity testing. The weight of each fragment was recorded prior to being submerged into a DI water bath for 24 h to ensure complete saturation. After 24 h, the pieces were removed from the water, lightly patted with a paper towel, and reweighed. Next, the saturated pieces were placed into a drying oven at 105°C to remove moisture from the pores of the cement. After 24, 48, and 72 h, the pieces were removed from the drying oven to cool for 1 h before recording the weight of the pieces and placing them back in the oven. The water retention capacity of each sample when saturated, measured relative to its mass after a 24-h drying period, was used as a quantitative indicator of the material’s porosity. Consequently, the final porosity for each type of concrete mixture, as detailed in Supplementary Table S3: Porosity Data, represents the average porosity calculated from 24 samples. These samples were derived from three batches, with each batch consisting of eight samples, ensuring consistency and minimizing standard error. The percentage of water that each piece held while saturated compared to the 72-h dry mass was considered as a measure of the material’s porous capacity or porosity. This test is preferred compared to mercury intrusion due to the toxicity of mercury.
3 RESULTS AND DISCUSSION
3.1 Workability (mini-slump test)
The results for the mini-slump test height and area performed are shown in Figure 1. The general trend was for the slump height to decrease with increased hair content. Similarly, the slump area decreased with increased hair content, with little difference seen among the samples with hair. As the trend is seen from both measurements, the smaller slump height and area indicates that as hair content increases the cement mixes become less workable with hair addition. These findings are similar to those found in the literature (Kanwal et al., 2020; Meghwar et al., 2020; Zaidi et al., 2018). Another factor to be considered is that adding regolith may change workability compared to samples containing only OPC. A similar study using 30% LHS-1 with 70% OPC indicated that slump increased with regolith addition (Sagar et al., 2024). Thus, hair addition does tend to reduce workability, although a difference cannot be confirmed for the 0.5% hair addition compared to OPC.
[image: Figure 1]FIGURE 1 | Slump for the lunar regolith-based cement at different hair concentrations, (A) slump height, (B) slump area.
3.2 Split tensile strength
After the curing period of 28 days, Figure 2A shows the results for split tensile compressive strength for the different concentrations of hair within the lunar regolith-based cement. The split tensile strength of the samples is similar for the hair free and 0.5% hair concentrations. Similar values are also seen when comparing the 1% and 2% hair concentrations. A larger decrease in split tensile compressive strength when comparing 0.5% and 1% hair concentrations is seen. For the highest compressive strength, no hair or 0.5% hair addition is the most desirable. These results correspond most closely to those of Meghwar et al. (2020) (Meghwar et al., 2020). OPC replacement with LHS-1 has been reported to decrease compressive strength. In a study with 30% replacement of OPC with LHS-1, compressive strength was reduced by nearly 75% compared to OPC with no replacement (Sagar et al., 2024). Although compressive strength and split tensile strength are different, adding hair to the regolith-containing binder may improve its structural integrity.
[image: Figure 2]FIGURE 2 | (A) Tensile split stress of cured regolith-based cement samples. (B) Porosity of cured regolith-based cement samples.
3.3 Porosity test
Figure 2B shows the results of the porosity testing. A much higher porosity was found in the samples that did not contain regolith or hair. Replacement of OPC with regolith has been reported to slightly decrease porosity (Sagar et al., 2024). Once hair is added to the regolith-based samples, the porosity increases slightly with increased hair content. When properly dispersed in the cement samples, hair may have a beneficial effect on porosity. Lower porosity is desirable for cement as this tends to decrease the risk of cracking and corrosion. The outside surfaces of a hair contains overlapping scales that can absorb as much moisture as 35% of the hair’s mass, particularly in a high pH environment (Al-Darbi et al., 2006). OPC is known to be of high pH when mixed with water, so that a hair’s surface scales could absorb and trap the cement binder after curing. This could explain the lower porosity of the hair containing samples.
4 CONCLUSION
Analysis of the data collected and presented demonstrates that up to 0.5% hair can be added to a regolith-based cement without a significant decrease in workability compared to OPC. Split tensile strength is similar for standard OPC and regolith-based cement samples if 0.5% hair is added. An increase in hair content above 0.5% leads to increased porosity. The increased porosity seen in the cement with higher hair content may have been the leading factor in the decreased tensile strength for samples with 1% and 2% hair added. Future work needed includes finding the effects of varying hair length and shapes. The advantages of hair use in lunar bases include less pollution of the lunar surface with discarded hair, less of a requirement for rebar in the mission payload, and the ease with which hair can be added to the regolith-based cement compared to molding cement around rebar.
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