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Abstract

:

Featured Application


In civil engineering, self-construction, green buildings, and recycling.




Abstract


In this study, we propose a methodology for constructing a prototype room intended primarily for people with low incomes, allowing self-construction practices and upcycling of widely available waste materials in their original form. Mechanical tests were conducted on single bottles of poly(ethylene terephthalate) (PET) filled with different materials as well as on entire PET bottle/concrete blocks. Higher strength was observed when the bottles were in a horizontal position. The mechanical performance of the construction solution adopted for the prototype was not tested, and therefore its structural adequacy was not proven. The insulating multilayer roof was composed of waste plastic bags, two layers of uncapped PET bottles of differing shapes and sizes, another layer of plastic bags, waste cardboard, soil from the site, and a top endemic plant green layer. The PET bottles used in construction were filled with clay from the site, although bottles filled with fly ash achieved better mechanical results. The bottles can also be used uncapped and empty, which would simplify the process considerably by reducing the filling stage. This can be considered to be the main proposal for this type of building. There were almost negligible solid wastes generated, since they were used in the multilayered green roof. From a top view, the prototype mimics the surroundings because the green roof incorporates soil from the site and endemic plants.
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1. Introduction


Housing is one of the primary needs of living beings and especially for humans. Locally and globally, there is a pressing need for housing which is directly associated with population growth, with an absolute increase in the global population of about 80 million per year [1,2]. It is also an issue associated with a huge ecological impact [3,4,5,6] due to the occupation of space for neighborhoods and the use of large quantities of building materials [7,8] with direct and indirect impacts as a result of their extraction, processing, and transportation.



The construction industry has been trying to reduce its negative impacts on the environment [6]. Some techniques, designs, innovative materials, and recycling efforts have been implemented in the construction of sustainable buildings [4,6]. The study and use of green roofs have been increasing [9,10,11,12,13,14], mainly for the benefit of internal thermal comfort [11], but also for improving community welfare by mitigating the urban heat island effect [15,16,17]. Green roofs reduce energy consumption and indoor pollution, which is particularly important for low-income people [18].



Today, the construction industry is assuming a retro vogue approach, using locally available building materials such as wood [19,20,21,22], cane [23,24,25], stone [26,27], mud (adobe) [25], jute [28,29,30,31,32], hemp [28], lime [31,32], and bamboo [22]. These materials have countless forms in use and have been modernized.



Poly(ethylene terephthalate) (PET) is widely used, especially for carbonated beverages, drinking water, juices, etc. [33,34,35,36,37]. There have been an increasing number of studies on using PET incorporated into concrete and considering cutting bottles and using them as small pieces or fibers [38,39,40,41,42] rather than using the entire bottle in its original shape. In 2019, according to the National Association for PET Container Resources (NAPCOR), in United States, the recycling rate of PET plastic bottles was 27.9% [43]. Including Canada and Mexico, North America’s PET recycling rate was about 35% in 2019. The use of PET bottles is growing around the world, but its recycling is also increasing. As a building material, PET is readily and broadly available for people to use, especially if the construction technique does not require further processing.



In construction, PET bottles can be used empty or filled with materials with the appropriate properties; the particle size of the filler directly affects the bottle’s mechanical characteristics. For example, fly ash is a waste product in coal-fired power plants, which has excellent close packing properties. Fly ash has light, hollow, spherical-shaped large particles ranging in size from nanometric to micrometric, with an average size of 5–10 microns. This combination of tiny, round particles of different sizes results in excellent close packing, which is beneficial for the mechanical properties of the filled bottles. Global fly ash production is an ever-growing problem, mainly due to the amount of land required for its disposal. This type of waste has been used in construction but with different approaches, such as direct addition to cement and concrete in various proportions, favorably increasing compression strength and workability while reducing costs [44,45]. Nonetheless, coal fly ash is an environmental potential pollutant because of the leaching of toxic heavy metals, such as As, Hg, and Se [46,47,48], depending on the coal surrounding soil [49,50].



Countless alternative materials have been proposed for use in buildings, including composites [51]; resources renewable in the short term [22]; waste materials, such as tires, ferrous and aluminum slags, fly ashes, plastics, and sawdust; and others [44,45,51,52]. All are required to provide structural safety and durability in the long term.



People require dwellings and meeting this need is partly related to their income but also depends on many factors that vary according to the location of the country, the rural or urban condition, year, gender, age, etc. [2]. People living in conditions of extreme poverty and in extreme climates are particularly worrisome. In this study, we propose a methodology for constructing a prototype room intended primarily for low-income people, which involves self-construction practices and upcycling of widely available waste materials in their original form. For construction of the prototype room, we use local resources such as clay and waste materials and include PET bottles, polyethylene bags, glass, cardboard, and so forth, combined with traditional materials. The roof consists of multiple layers of waste materials displayed in such a form to ensure structural integrity, thermal insulation, and durability.



The top layer is designed as a green roof that mimics the natural surroundings by incorporating local soil and endemic plants. Preconstruction measurements for different types of blocks are presented. The measurements include thermal conductivity and mechanical resistance, which are used to evaluate the capability and behavior of PET in such forms in an application in the residential construction industry. Considering the obtained results, we proceeded to the construction of a prototype room based on PET bottles, concrete, and rebar. Certain passive elements were added to the prototype design, such as a row of waste glass bottles in the upper level of three sides of the prototype as a skylight and vents for natural ventilation.



The proposed dwelling prototype is not directly intended to be a counteraction against plastic pollution, since improving waste management systems in all countries is the most effective action [53]. However, during the development of this research, some concerns about the negative health impacts of using PET as a construction material were raised. Nonetheless, many different polymers are present in our daily lives, which includes those in construction materials. The PET bottles were all used for beverages before using them for construction of the room prototype. There was less interaction with the polymer in the building, since the PET bottles were wrapped in a concrete or soil layer, rather than in their original use state.




2. Materials and Methods


2.1. Mechanical Tests of PET Bottles and the PET Blocks


2.1.1. Compression Tests of PET Bottles


The PET bottles were evaluated by compression testing. The tests were conducted using a Galdabini universal testing machine with a capacity of 50 ton (Galdabini; Cardano al Campo, VA, Italy; serial no. 25008) and a loading rate of 2.5 mm/min. The tests were performed with sealed bottles by applying a gradual compression load until failure of the specimens; the total maximum load indicated by the testing was recorded when a fracture appeared in the bottles. The bottles were tested vertically and horizontally relative to their axial axis (Figure 1a–d).



Tests were conducted on six different sample types: (a) empty PET bottles, (b) PET bottles filled with clay from the prototype site, (c) PET bottles filled with sand from the site and saturated with water, (d) PET bottles filled by combining locally available light volcanic rocks and sand, (e) PET bottles filled with gravel and sand, and (f) PET bottles filled with fly ash. The bottles were rammed while filling to ensure close packing without voids, especially those caused by handling the container.




2.1.2. Building Blocks Composed of PET Bottles


The preparation for manufacturing of the blocks was as follows:




	(a)

	
The blocks were prepared using 600 mL PET bottles that were wrapped with a galvanized wire mesh (Figure 2a) to fulfill two objectives: (1) to act as a confining material for the plastic bottles and (2) to serve as mortar reinforcement to help improve the mechanical properties of the entire building element.




	(b)

	
The conventional mortar was fabricated by mixing cement, lime, and sand with volume proportions of 1:0.5:4 (Figure 2b). It exhibited a high fluidity, being easily poured, and the presence of voids was minimized.




	(c)

	
The bottles were distributed in a trapezoidal shape. The mortar was poured into the mold, in which the bottles were previously ordered and wrapped in mesh (Figure 2c). Then, these were cured for fifteen days (Figure 2d).




	(d)

	
The block was removed from the mold. Figure 2 shows the sequence for the preparation of blocks with PET bottles. Different configurations were designed, but only one was prepared and tested. It had a trapezoidal shape with two rows, the bottom row with five bottles and the top row with four bottles.










2.1.3. Compressive Tests of Concrete/PET Bottle Blocks


The procedure for the compression tests of the blocks was similar to that used for PET bottles alone. The tests were conducted on blocks in both positions, i.e., horizontal and vertical, relative to their placement within concrete blocks. Fine sand (sand passing a no. 100 sieve, <150 μm) was placed on the support surface to ensure that the compression load was uniformly distributed over the bearing surfaces. After some preliminary load tests, the blocks had no galvanized wire nets due to preparation difficulty and the intended use for a self-construction process by briefly trained people. However, metallic wire nets were used in the housing prototype and thermal conductivity tests.





2.2. Measurement of Thermal Conductivity in Concrete/PET Bottle Blocks


2.2.1. Description of the Procedure


Thermal conductivity was measured with the guarded hot-plate apparatus setup according to the ASTM C177 standard [54] for steady-state heat flux (Figure 3a–e). Samples measuring 300 × 300 × 85 mm were used [55]. Thermal conductivity was calculated using Equation (1) as follows:


  k =    e  1 / 2   P   Δ T   A    



(1)




where k is thermal conductivity (W/m °C), e is the block thickness (m), P is the electrical power (W), ΔT is the temperature difference between the cold face and the hot face (°C), and A is the area of the material perpendicular to the heat flow (m2). Here, P = V × I, where V is the applied voltage (volts) and I is the amperage.




2.2.2. Description of the Appliance Components


The hot plate was composed of a resistance with two electrical circuits, a central circuit, and a surrounding circuit. The central circuit had dimensions of 130 × 130 mm. The central circuit was powered by a variable voltage source, and a Watlow SD powered the guard circuit® series controller (Watlow; Santa Clara, CA, USA) for homogeneous heat distribution.



For the thermocouples, seventeen k-type thermocouples were used. Eight thermocouples were placed on each sample. Four thermocouples were placed on the cold side and four on the hot side per sample, all of them at the level of the central circuit. An additional thermocouple was fitted for monitoring the storage area temperature.



The electronic DAQ-ACPC-1216 card was used for the acquisition of generated data. It had sixteen measurement channels with a resolution of 9 to 12 bits and a speed of 2.5 to 10 kHz.



The Watlow SD® temperature controller was monitored and controlled by the thermocouple located in the guard area of the hot plate to maintain a uniform temperature throughout the hot plate.



A variable auto transformer manufactured by STACO® model 3PN10110B (STACO; Cleveland, OH, USA) was used. It had a capacity within the range 0 to 140 V and 10 A. This source fed the central circuit of the hot plate. The voltage and current were used, according to the operator’s criteria.



DASYLab software (DASYLab 2020, V15, Logicbus, San Diego, CA, USA) was used to record the temperatures released by the monitoring system. It was used in the interface with the DAQ-ACPC-1216 card.






3. Results and Discussion


3.1. Sustainability


The term sustainable has various definitions, which can cause controversy when the term is used ambiguously in a broad range of subjects and contexts. We considered some characteristics of the sustainable housing concept, which, without any hierarchy, are as follows:




	
Sustainable housing should meet the basic human needs to safeguard people from weather conditions and provide a space sufficiently appropriate for living.



	
Sustainable housing should have a bioclimatic design that involves the use of natural resources, through both passive systems in construction design and active systems such as appropriate technologies.



	
Sustainable housing should use energy efficiently and incorporate alternative energy sources with a negligible production of CO2.



	
Sustainable housing should constitute an element for conforming to an organized system with sustainable social development through land use planning, including comprehensive logistics for services.



	
The same construction type, individually and as an integral system, should favor natural heritage conservation, which includes minimizing the impacts on the environment.



	
Materials used in construction should be regional, renewable in the short term, and with consideration of their complete cycle, with viability for upcycling or recycling.








These characteristics constitute some generalized ideas in society about sustainable housing, in which awareness has been increasing that a consumptive lifestyle endangers its future.




3.2. Mechanical Tests of PET Bottles and Blocks


3.2.1. Compression Tests of PET Bottles


We had various primary aims for developing the prototype room described here. The prototype was primarily intended for people with low incomes, allowing self-construction practices and upcycling of widely available waste materials in their original form and without further processing. Some of the above-described sustainable housing concepts were incorporated.



The construction of the prototype includes waste materials and more upcycling than recycling, since the bottles were not cut, painted, or reprocessed, minimizing the use of energy and time. In the case of PET, recycling involves mixing with pure materials since its polymeric chains are partitioned in the recycling process, necessitating the addition of new PET. Conversely, glass conserves its properties when recycled, but the recycling process involves energy consumption to transform raw materials into products. Intending to use entire PET bottles, these were tested as conforming blocks and individually filled with widely available materials of different particle sizes.



Figure 1 shows the compression tests of individual PET bottles, both horizontal and vertical. Initially, the deformations for the vertical position were consistently wrinkles around the neck and, subsequently, open fractures that exposed the filler. The horizontal position tests usually did not show shedding of the filler and consisted of axial fractures or occasional cuts around the cylinder compression area.



Figure 1d shows the bottleneck as the weak point in the bottles tested in the vertical position. The main difference in the vertical position tests was that the shape changed twice from narrow to wide along the axis. The force lines had a component directed to the axis in the narrow areas and the outside in the wide areas. Proportionally, the force lines were more concentrated, corresponding to the size of the area. This was the reason for the first deformation around the bottleneck, which had a wrinkle directed to the interior. Usually, the necks of the bottles were reduced to approximately 15% of their height. The final fracture appeared in the middle of the wide area of the bottle, directed outside and spilling the filler.



The data collected from the tests, shown in Table 1, indicated that the bottles more strongly resisted compression in a horizontal position, regardless of the filler material used. Nevertheless, the bottle changed during the horizontal test from round to flat. The contact area increased from punctual to very wide, with an estimated surface of 78 cm2, which was similar at both the top and bottom. The contact area remained almost unchanged during the vertical compression test, except for a small deformation at the bottom. The upper areas of contact were estimated to be approxiately 6.6 cm2. The bottom areas usually had five contact circles of similar radii of 0.85 cm and an approximate area of 11.35 cm2. In general, a comparison between horizontal and vertical positions still favored the former.



Table 1 shows the maximum load of a PET bottle under compression for the vertical and horizontal positions. Six main combinations of fillers were tested: air, dry sand, sand/water, sand/gravel, sand/tezontle (locally available construction material of light volcanic rocks), and fly ash. In the vertical position, two load charges were registered, i.e., one corresponding to the first deformation of the bottlenecks and the other for the fracture that spilled the filler. The test related to sand/water was intended to fill the voids, which was not ultimately achieved, even after 24 h of immersion of an uncapped bottle. The voids remained, but the sand became wet.



During the tests with sand/gravel, sharp points of the gravel drilled the bottles, causing premature failures. In contrast, drilling did not occur during the sand/tezontle tests, since the volcanic rocks did not have sharp points, resulting in the best performance. In the vertical-position tests, the fly ash fines showed high capacity to distribute the force. The value averaged 10.22 ton, with tests ranging from 6 to greater than 20 ton. The recorded high values mainly occurred at the points of having spilled material, indicating a fracture and resulting in plastic without clear failure points because of the flexibility of the PET envelopes. For the vertical-position test, sand/water and wet sand showed distinctively high values.



The use of complete PET bottles as building elements may be favorable in the horizontal position, based on the results of the compression tests and also considering them as a system and their forms of failure. The vertical position, initially 24 cm in height, decreased approximately 15% due to deformation around the neck and 20% when fractures appeared. Moreover, the filler materials were spilled.



Higher strength to load was observed in the vertical tests with the sand/gravel mixture. Horizontal tests indicated that the best filler material was fly ash, mainly due to its particle density, size, and shape. The sizes of the particles, named cenospheres, were about 5 to 10 microns and had a hollow spherical shape. These were not used for filling bottles for the prototype, since they are not widely accessible to most people, and considering sustainable issues related to specialized transport of these material over long distances, even though the final disposition of this residue can be generated in large quantities. The clayed soil from the site was satisfactorily used for filling the PET bottles. As proven by the small section at the left side of the window, the bottles can also be used uncapped and empty, which significantly simplifies the process and reduces the filling stage. This can be considered to be the main proposal for the building in this study.




3.2.2. Compression Tests of Building Blocks Composed of PET Bottles


The tests showed that the average maximum compressive load was approximately 14.7 kN when applied to the bottles in the upright position. When the blocks were composed of bottles in the horizontal position, the load increased to 29.4 kN. Figure 4a–d shows the compression setup before and after compression. In Figure 4b, the block tested with bottles in the vertical position had more and larger fractures than in the horizontal case. The above is not necessarily related to the compression tests of single bottles, which had higher compressive strength when tested horizontally. The compressive loads on the blocks were supported mainly by the concrete, and, as a result, the PET bottles had low deformation before the block cracked. The fractures propagated along the border between the PET bottles and the concrete in the vertical case.



We identified serious limitations in the use of blocks composed of PET bottles/concrete for building the prototype room. Three main findings were identified, which finally prevented their use for construction: (1) the mechanical properties diminished when using the bottles since fractures propagated along their interface with the concrete; (2) they required more concrete than commonly used hollow commercial blocks; and (3) they were heavy and difficult to prepare, which increased the difficulty of moving the blocks to upper areas by one or two persons. The preparation of a large number of blocks for building a room would require work, material, time, and higher costs than for commercial blocks and would have a larger environmental impact. Due to the above disadvantages, evidenced by preparing and testing the blocks incorporating PET bottles, we decided not to use them in the prototype room-building process.



The reason to choose a 5 × 4 configuration for the bottles was associated with the work and time required for making each piece. By having a fewer number of bottles and more concrete, the results of the load test were better, such as using 4 × 4 or 4 × 3 bottles per row. The main concern was that the bottle surfaces acted as crack pathways. In addition, the net avoided having collapses of the pieces but did not change the fissures in the concrete. Nonetheless, much time, concrete, and work are required for making small pieces.



Mechanically, the blocks showed low strength at the junction points of the bottles. As such, even light loads caused fractures. Some areas lacked concrete, which were always weak zones. The block mechanical properties were dependent on the position of the bottles; in the horizontal position, their strength was higher than in the vertical position. This was not associated with the behavior of single bottles under compression tests since the bottles did not change shape. Instead, the vertical position favored the propagation of cracks along the PET/concrete interface.



On the basis of the above results obtained by testing trapezoidal building blocks incorporating PET bottles, they were not used for the room prototype; instead, a configuration of confined stacks of PET bottles between concrete columns and metallic nets was chosen. The bottles were alternated between each row to maintain balance and improve the stability of the wall. The blocks were not a suitable option whether considering their structural characteristics or other factors, such as cost, weight, handling, preparation time, etc. Nonetheless, the results are included as a valuable negative outcome worthy of sharing, which support the proposed alternative.





3.3. Construction of a Room Prototype with Waste Materials


After analyzing the feasibility of building a prototype with concrete/PET bottle blocks, the procedure for construction was outlined. The prototype based on PET bottles was built in eight stages, as described in the following eight sections.



3.3.1. The Stone Masonry Foundation and Reinforced Concrete Columns


The foundation was constructed in a traditional manner according to the expansive characteristics of the clay at the site, as is commonly conducted locally, and without further variation. This was mainly based on the perspective of social acceptance, which, together with economy and aesthetics, may prevent the introduction of changes to traditionally accepted construction techniques and materials.




3.3.2. PET Bottle Filling with Soil


Soil extracted for the foundation and from around the construction site was used to fill the wall PET bottles. To increase mechanical resistance, the soil in the bottles was repeatedly compacted and vibrated. Then, all of the bottles were tightly capped. The estimated number of PET bottles used for the walls was about 5000.




3.3.3. Building of PET Bottle Walls


Once there were enough bottles prepared for construction, the wall building process began. Figure 5 shows the PET bottles in a horizontal position. The pattern alternated the top and bottom of the PET bottles distributed in rows. This order considered the form of the bottles to increase the stability; otherwise, their centers of gravity would be displaced, causing a collapse. Alternatively, the bottles in each row could be alternated between bottom and top, but this packing scheme would form diagonal rows that could result in cracks or collapse. Entire rows having PET bottles aligned facilitated placing the electrical wiring. The stability of the walls was ensured by the confinement induced by reinforced concrete columns; without them, it was not possible to form the stack. The choice was based on preliminary attempts related to the stability of a single and a double stack. They were proven with both empty and filled bottles.




3.3.4. Confinement Perpendicular to the Walls


Two options were proposed for the confinement perpendicular to the walls. The first proposal was to place reinforced concrete horizontal elements along the height of the columns, also joining them. The second proposal consisted of rebar between concrete columns with about 1.2 m of separation. They were moored with gauge wires with about 0.5 m of separation. The second proposal was considered to be easier and provided distributed reinforcement. Finally, each side had five rows of rebar, except the front side, which appeared similar to the first proposal due in part to the window. Figure 5a shows the placement of the rebar anchored to the columns.




3.3.5. Wrapping with Galvanized Wire Nets


Figure 5a,b shows the initial placement of the metallic net at the bottom and covering the entire wall, respectively. In both images, the area with the net had already been covered by an initial mortar layer. In this layer, the mortar used had a high cement content. In Figure 5a, the shadow in the right column is the mesh, which is difficult to notice because of its size. The utility of the mesh was evident for providing stability and for applying the wall surface finishing.




3.3.6. Covering Walls with Mortar


Figure 5c shows the PET bottle wall covered with mortar. The wall thickness increased by about 5 cm (two inches) for each side. A single bottle was originally 23.5 cm high, therefore, the walls were about 33 cm thick. Figure 5d shows a side view of the finished walls of the room prototype.




3.3.7. Area for Skylights


There were three lines of skylights, one for each wall except the façade. They were composed of waste glass bottles, which were of different colors, such as amber, green, blue, and transparent. The bottle bottoms faced outside and inside because there were two opposite bottles with the necks side by side in the middle of the wall. The bottles’ bottoms were aligned in the inner sides of the walls and protruding 5 cm (2”) on the outer sides. This proved to be beneficial for catching daylight, serving as waveguides for light.



The space between each bottle was not filled intentionally to allow natural ventilation; internal curtains can regulate access to air in the room. This is particularly important considering that indoor air pollution is a direct cause of mortality in low-income households, mostly affecting women and children [18]. Figure 5d shows the outer protuberance of the waste glass bottle row projecting a shadow under sunlight. Figure 5a shows the inner side, with the bottom of the bottles aligned with the wall level. The glass bottles were inserted below the concrete beam, which was constructed before placing the bottles, therefore, the glass bottles were not a construction cost element.




3.3.8. Multilayered Roof


The insulating multilayer was composed of waste plastic bags intercalated to cover the three galvanized sheets measuring 3.05 m long and 85 cm wide. There were two layers of uncapped PET bottles having different shapes and sizes. The layer of waste cardboard of cement and lime and waste plastic bags provided stability to set the top black clay soil from the site, which was high in montmorillonite content. Finally, endemic plants from around the construction site were freely allowed to grow.



Figure 6a shows the six tubular steel profiles and an internal view of the corrugated galvanized sheets; Figure 6b shows an external view of their placement. A small additional wall transformed the roof into a flowerbed, complemented by two PVC pipes at the prototype’s left and right sides to allow drainage of excess rainwater.



Figure 6c shows an upper view of the roof construction with areas at different stages. The insulating multilayer was composed of waste materials and an endemic plant top layer. The use of waste polyethylene bags provides an alternative of environmental concern given their disposal in large quantities; they can be used as a waterproof layer when adequately ordered without using commercial paints.



About 1000 PET bottles were used for the roof. They were uncapped to avoid susceptibility to temperature changes since the confined inner air, when sealed, significantly expands or contracts the bottles. Since the wall construction required bottles of the same size and shape, all remaining bottles were used for the roof, independent of their size and shape, but ordered into two layers.



The residues of the construction process, such as the cardboard from the cement sacks, were incorporated into the roof. Soil from the site was used for the green roof. This soil was, in part, constituted of montmorillonite, which conferred specific properties that proved to be useful in this case. Rainwater and wind can barely erode this soil, and the top layer protects the bottles from UV radiation and wind. Finally, Figure 6d shows the green layer of endemic plants. They do not require special care but are absent half of the year, particularly in the winter. It was proposed, but not yet implemented, to cultivate castor oil plants (Ricinus communi), which are already present in the surrounding area and can provide wide shading and subsist on rainwater.



Figure 7a shows a front view of the room prototype without a door or window. Figure 7b shows the initial diagram of the prototype, which was not completed in full. In the area at the side of the window, uncapped empty PET bottles were placed for conducting posterior thermal tests.





3.4. Thermal Conductivity of Concrete/PET Bottle Blocks


The data needed for calculating thermal conductivity were the temperature differences between faces, the electric power, the area of measurement, and the samples’ thicknesses. The tests were performed following the hot plate method. Two tests were conducted under different conditions, and similar results were obtained. The results are provided in Table 2, where the voltage was different for each test. The average thermal conductivity was 0.32 W/m °C. Therefore, the specially prepared concrete/PET bottle blocks, which copied the characteristics of the prototype walls, were considered to be good thermal insulators.



The thermal conductivity of concrete/PET bottle blocks was about 0.3 W/m °C, which is considered to be appropriate for a system emulating the prototype walls. In comparison, adobe thermal conductivity is approximately from 0.5 to 0.7 W/m °C, which is regarded as an excellent thermal insulator [25,51,52,54,56]. The tested PET bottle/concrete system had better insulating characteristics. Notably, the blocks used for mechanical tests were different from the blocks used for thermal conductivity analysis due to dimensional restrictions. The prototype was built after mechanical tests and before thermal conductivity tests with characteristics more similar to these latter blocks.




3.5. Thermal Images of the Prototype Structure of Concrete/PET Bottle Blocks


The constructed prototype was monitored using an infrared camera (PCE-TC 4). Figure 8 shows the thermal images overlayed on the visible-light pictures of the external walls and the roof with black soil and endemic plants. The inserted rectangle on the upper left corner indicates the north position. On the northern wall, receiving the sunlight, the temperature was about 36 °C. On the black soil, the temperature was about 45 °C, and it rose up to 60 °C. The thermal images allowed us to identify areas that accumulated humidity. The internal temperatures remained stable at about ±2 °C for a one-year period independent of day/night and season. During the one-year period, the inner temperature and the relative humidity were in the range 10–28 °C and 20–80%, respectively [12,52].





4. Conclusions


A prototype room based on the use of entire PET bottles was constructed. The building methodology was adapted, and other complementary waste materials (recycled or upcycled) were incorporated.



The low mechanical strength of empty PET bottles was increased using different fillers, which contributed by transferring the load. The method of stacking the bottles to constitute the wall core was horizontal because the compression test results indicated that this orientation had greater strength. The PET blocks had greater strength with the bottles in a horizontal position. This was not associated with the results of single-bottle compression tests. The inner bottles did not change in shape. In the vertical position case, fractures propagated along the boundary between the PET bottles and the concrete.



We identified serious limitations in the use of blocks composed of PET bottles and concrete for building the prototype room. Three main aspects were identified, which finally prevented their use for building the prototype room: (1) the mechanical properties decrease using the bottles since fractures propagate along their interface with the concrete, (2) they use more concrete than commonly used hollow commercial blocks, and (3) they are heavy and difficult to prepare. Nonetheless, the results were included, as they describe a valuable, negative outcome, which supports the alternative proposed.



The tested PET bottle/concrete system has better insulation characteristics than the reported values for adobe. The solid wastes generated during the construction of the prototype were almost negligible since they were used in the multilayered green roof. The prototype resembles the surrounding area from a top view due to the green roof that includes soil and endemic plants from the local area.



The insulating multilayer roof was composed of waste plastic bags, two layers of uncapped PET bottles of differing shapes and sizes, a second layer of plastic bags, waste cardboard, soil from the site, and a top layer of endemic plants. The use of waste polyethylene bags attempted to account for both an alternative for environmental concerns about their disposal in large quantities and as a waterproof layer when adequately ordered.



The mechanical performance of the construction solution adopted for the prototype was not tested and, therefore, its structural adequacy was not proven. The entire process was accomplished in three months by only two fully dedicated persons, ranging from picking the PET bottles, to door and window installation, with a roof placed in a single day by one person. The waste PET bottles used in construction were filled with clayey soil from the site. Although PET bottle filling with fly ash produced better mechanical results, they were not included in the construction or suggested for such purpose because of sustainability concerns. As proven by the small section at the left side of the window, the bottles can be used uncapped and empty, which can highly simplify the process and reduce the filling stage. This can be considered the main proposal for the type of building presented in this study.
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Figure 1. General display of compression tests and occurrence of common fractures: (a) Horizontal position for a bottle sealed with air; (b) fly-ash-filled bottle tested in the horizontal position; (c) sand-filled upright bottle; (d) typical fracture in a sand/water-filled upright bottle. 
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Figure 2. The process of preparation of a PET/net/concrete-based block: (a) Two PET bottle arrays moored with a galvanized mesh; (b) mortar preparation; (c) PET bottle distribution in two rows; (d) molded piece with a trapezoidal shape. 
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Figure 3. Blocks with bottles: (a) Right-side view; (b) left-side view; (c) stacking view of PET bottles; (d) hot plate drawer diagram; (e) opened drawer of hot plates. 
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Figure 4. (a) Trapezoidal block with bottles in the vertical position; (b) upright block after compression; (c) trapezoidal block with bottles in the horizontal position; (d) recumbent block after compression. 
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Figure 5. (a) Backside view of the PET bottle prototype showing them piled up and the horizontal rebar for reinforcement with the steel net; (b) bottle rows alternating top and bottom with galvanized mesh and concrete; (c) plaster covering the wall; (d) finished lateral structure with a single row of skylights of waste glass bottles on three sides. 
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Figure 6. (a) Six steel tubular supports with three corrugated galvanized sheets placed on a 3 × 3 m area; (b) their borders were embedded with a surrounding concrete wall; (c) the multilayer of waste materials with uncapped PET bottles, soil, and a green roof; (d) an upper perspective including the plants. 
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Figure 7. The front view of the prototype: (a) Picture taken before installing the door and window; (b) the initial design concept of the façade. 
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Figure 8. Thermography images of the finished prototype room (taken at 15:45): (a) Façade view showing a temperature range of 22.4–36.8 °C; (b) top view showing the roof with endemic plants and a temperature range of 24.0–47.1 °C. 
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Table 1. Maximum load of a PET bottle under compression in both the vertical and horizontal positions *.
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	Filler Material
	Maximum

Compression (kN)

Vertical Position
	Maximum

Compression (kN)

Vertical Position **
	Maximum

Compression (kN)

Horizontal Position





	Air
	0.63
	0.24
	0.44



	Dry sand
	1.2
	1.96
	62.81



	Wet sand
	8.82
	1.66
	87.375



	Sand/gravel
	9.7
	2.35
	57.075



	Sand/tezontle
	13.92
	2.25
	43.25



	Fly ash
	11.27
	1.47
	100.22







* Coefficient of variation (CV) or relative standard deviation (RSD) was about 10% in three tests. ** Deformation of the bottleneck.
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Table 2. Measurements of thermal conductivity by hot plate method.
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Samples

	
Test Conditions

	
Measurements




	
Test

	
Block

	
Voltage

(V)

	
Current

(A)

	
Δx

(m)

	
Area

(m2)

	
Power

(W)

	
Th

(°C)

	
Tc

(°C)

	
ΔT

(°C)

	
Thermal Conductivity

(W/m °C)






	
1

	
1

	
8.3

	
0.34

	
0.00086

	
0.000169

	
2.822

	
32.570

	
10.320

	
22.25

	
0.32270727




	

	
2

	
8.3

	
0.34

	
0.00086

	
0.000169

	
2.822

	
33.010

	
11.980

	
21.03

	
0.34142828




	
2

	
1

	
15.2

	
0.3

	
0.00086

	
0.000169

	
4.56

	
53.210

	
15.400

	
37.81

	
0.306859742




	

	
2

	
15.2

	
0.3

	
0.00086

	
0.000169

	
4.56

	
51.977

	
14.890

	
37.087

	
0.312841882




	

	

	

	

	

	

	
Average thermal conductivity:

	
0.3209

















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
210m 2.40m

|






media/file4.png





nav.xhtml


  applsci-11-07901


  
    		
      applsci-11-07901
    


  




  





media/file18.png
. &

40
38
36
34
32
30
28
26

N
o
(=)





media/file2.png





media/file5.jpg
Cold plat

Sample
Hot plate
Sample

Cold plate






media/file3.jpg





media/file1.jpg





media/file16.jpg





media/file7.jpg





media/file10.png





media/file12.png





media/file9.jpg





media/file0.png





media/file17.png





media/file14.png
2.10m  2.40m

Gt oo ]
et e®
-

P e et et Catss
@Ultwwit =

1 +
L P AT AT AT A AT AT AWAVEWS ¥

Om

,..H ! = =
82- %52
i ctefcCe®cCa®c
otcolefcleRclelote

1






media/file8.png





media/file11.jpg





media/file6.png
Cold plate

- Sample

= Hot plate

Sample

= Cold plate






media/file15.jpg
14

§8838958R8588






