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As a response to rising housing prices and the high cost of materials in the building and construction industry, a rural prototype house (the Ecofordable House) was built with alternative technologies. The house is located in the western desert zone of Giza, Egypt, and features enhanced vernacular technologies with local materials. Interlocking compressed stabilized earth brick walls, partially reinforced, jack arch and funicular shell roofs, and date palm midribs were employed in an attempt to reduce the usage of steel, fired bricks, cement, and imported wood. The present research evaluates the house’s construction cost-effectiveness and affordability through detailed real-world data and comparisons of material quantities, labor, and costs with those of conventional methods. The “price-to-income ratio” is used as an indicator of affordability. According to the findings, walls cut costs by half, roofs by a quarter, and midribs by two-thirds; the alternatives combined saved 45%, and the house saved a quarter of the cost after adding common expenses. Moreover, less than one-third of steel, fired bricks, and cement were utilized. In the Egyptian context of government-built houses, the prototype would be affordable for most Egyptian income brackets while the conventional house was expensive for the lowest three. The findings provide empirical support for the economic advantages of enhanced vernacular technologies as alternatives and address residential affordability in similar contexts.
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1 INTRODUCTION
1.1 Global issues
In 2020, the building and construction sector accounted for 37% of global CO2 emissions (UNEP, 2021), a figure that is rising more rapidly in developing nations than in advanced economies due to rapid urbanization and significant variations in technologies and energy consumptions (Chen et al., 2021). Additionally, worldwide ‘Nationally Determined Contributions’ (NDC) to improve building energy plans often ignore construction materials, including the energy necessary for extraction, manufacture, distribution, and installation, while boosting energy efficiency and renewable post-building energy (UNEP; Zhong et al., 2021), despite the fact that 33% of the total energy consumption over life cycle is caused by the production of materials (Tan et al., 2020). Concrete and steel rebar contributed 62% of manufacturing carbon emissions, whereas masonry’s fired bricks and cement contributed 27% (note the low embodied CO2 of sand despite its weight) (Kumanayake and Luo, 2018). Wood, on the other hand, is an environmentally friendly material with low carbon content because it requires minimal processing and energy from production to disposal. Many countries, however, import wood to meet local demand. When imported, it emits 30% from manufacturing and 70% from its international transport, making it an unsustainable material (Cristea et al., 2013; Li et al., 2018; Xu et al., 2021).
At the same time, global price inflation in the construction materials, rising housing prices (Supplementary Figure S1A), and higher cost of green buildings represent obstacles to housing affordability. When considering “Price-to-income ratio” as an affordability indicator (see Section 2.6), Africa has the highest ratio (Supplementary Figure S1B), Asia is second, followed by America, Europe, and Oceania (Supplementary Figure S1C). (Sims and Fattah, 2016; Adamovic, 2023) However, careful selection and use of appropriate technologies and materials, and a reduction in transportation costs could contribute to overcoming these challenges (Weerasinghe and Ramachandra, 2020; Moghayedi et al., 2022). Due to their environmental and economic benefits, developed countries are reviving vernacular building materials and techniques, including earth. The latter has regained attention as a contemporary construction material that may be less expensive while meeting the same modern requirements. In developing countries, on the other hand, traditional and indigenous materials were replaced by concrete, fired bricks, cement, and steel to increase house durability and quality of life (UN-Habitat, 2009; 2012; Marsh and Kulshreshtha, 2021). According to Marsh and Kulshreshtha (2021)’s survey on earth constructions worldwide, this shift is growing in urban and rural areas and formerly accepted estimates that one-third of the global population resides in earth homes, exceeding 50% in developing countries, are no longer accurate. An updated estimate is 8%–10% worldwide and 20%–25% in developing countries.
Egypt is no exception in this regard. Indigenous technologies such as load-bearing mud-brick walls, domes and vaults were traditionally adopted as they adapt to the hot arid climatic zone of Egypt while offering economic benefits. These methods were almost completely phased out since the early 20th century and currently, reinforced concrete frame buildings with fired and cement brick masonry dominate the country’s construction sector, including rural areas (see Supplementary Figures S2A, B) (Sims and Fattah, 2016). Furthermore, Egypt is fully reliant on raw wood imports to meet its domestic demand (FAO, 2020a; El-Mously, 2020).
Similarly, high housing prices and low incomes are among the factors impeding home affordability in Egypt. The World Bank considers a reasonable price-to-income-ratio to be generally from 3 to 6 (Adabre and Chan, 2019), and UN-Habitat’s report on “Egypt housing profile” says a ratio of 5–7 is affordable in the Egyptian-like contexts. Only informal units had an acceptable ratio of 3.8–7.7, while the ratio was 9.4 in subsidized units, and 25.8 in non-subsidized private sector units, making them all unaffordable when the average annual income is considered (Sims and Fattah, 2016).
1.2 Research aim and contribution
In the desert area of western Giza, Egypt, a rural prototype house (Ecofordable House, EH) that integrates enhanced vernacular technologies recognized for their sustainability (see Section 2.1) was built. Based on the following review, interlocking compressed stabilized earth brick walls (ICSEB), partially reinforced, jack arch/funicular shell roofs, and palm midribs in the openings and pergolas were selected as alternatives. The research seeks to assess their potential construction cost savings and total house price affordability. (Kumanayake and Luo, 2018; Xu et al., 2021; Zhong et al., 2021).
The present research is significant because:
• The combination of walling and roofing alternatives was introduced to Egypt through this house.
• A wood substitute was incorporated in the openings and pergolas in an unconventional way.
• There is a gap in the literature and a scarcity of relevant information regarding the construction cost savings and affordability of the enhanced vernacular technologies adopted in the EH.
• The research offers original real-world data on materials, labor and total costs gathered during the construction process, and compares them to conventional methods.
While the sustainability and affordability of the adopted solutions are often acknowledged and their revival is continuously advocated, the literature focuses on their structural and environmental performance (Cowan, 1981; Venkatarama Reddy and Jagadish, 2003; Venkatarama Reddy, 2004; Vafai et al., 2005; Diodato et al., 2015; Egenti and Khatib, 2016; Touré et al., 2017; Bradley and Gohnert, 2018; González-López et al., 2018; Murmu and Patel, 2018; Fernandes et al., 2019; Moussa et al., 2019; Yang and Wang, 2019; Di Gregorio et al., 2020; Teixeira et al., 2020; Garcia-Castillo et al., 2021; Hanafi, 2021; Hany et al., 2021; Kasinikota and Tripura, 2021; Mahdad et al., 2021; Saari et al., 2021; Wang et al., 2021). A research gap on their construction costs and affordability indicators, which were not well-researched, was found. Experiments on and applications of CSEB exist in most continents, and studies in a number of countries provide precise cost and saving rates; however, the majority analyzes solid non-reinforced CSEB (Adam and Agib, 2001; UN-Habitat, 2009) and are based on feasibility studies (Davis and Maïni, 2017; Kumar et al., 2018) and digitally modelled buildings (Di Gregorio et al., 2020; Nuwagaba, 2020; Unni and Anjali, 2022). Moreover, the literature has scant information about the cost savings associated with masonry jack arch and funicular shell roofs, although historically found in Europe, America, the Middle East, Nepal and India (Keswani, 1997; Rao and Raina, 2005; Kharrufa, 2007; Eslami et al., 2012; Maheri et al., 2012; Khan et al., 2013; Zahrai, 2015; Ozdemir et al., 2017; Shabdin et al., 2020; CSIR and BMTPC, 2021; Motra et al., 2021). Studies on wood products manufactured using date palm leaf midribs (DPLM) offer no cost breakdowns or analyses (Al-Oqla et al., 2015; Metwally and Hamza, 2017; Elseify et al., 2019). This material is available in huge waste quantities across North Africa and the Middle East due to annual pruning, and its craftsmanship has long been found in rural areas (El-Mously, 2018; Midani et al., 2020).
Although the current study was conducted in Egypt and constitutes a case study, it is relevant to a broader geographical region. As previously stated and as will be discussed in the following sections, the utilised technologies have acquired interest in recent years across Europe, Africa, the MENA region, and Asia as sustainable alternatives. Furthermore, the findings could serve as a reliable reference for academics, practitioners, and contractors who are advocating or questioning the economic benefits of enhanced vernacular technologies.
2 RESEARCH METHODS
2.1 Review and selection of alternative technologies
2.1.1 Walling alternative
Because of its availability and suitability to hot, arid climates, earth has been used in construction since ancient times, particularly in desert regions. (Alex, 2018; Fernandes et al., 2019). Earthen houses are those that use unfired earth as a primary component. (Marsh and Kulshreshtha, 2021). They have lower environmental impact, low embodied energy, and improve air quality and thermal comfort (Uzoegbo, 2016; Yang and Wang, 2019; Kasinikota and Tripura, 2021). They require less energy to extract, manufacture, and transport materials, have high load-bearing capacity (UN-Habitat, 2009; Burroughs, 2010; UN-Habitat, 2012; Kulshreshtha et al., 2020), and are fire and insect resistant (Egenti and Khatib, 2016; Yang and Wang, 2019). Despite the advantages of earthen masonry constructions, they were abandoned due to their link with poverty, reduced durability, reduced shear and tensile strengths, and consequent shift to reinforced concrete buildings with fired and cement bricks. In recent decades however, earth techniques have regained popularity due to concerns about the environment and affordability (Burroughs, 2010; Fernandes et al., 2019; Di Gregorio et al., 2020; Kulshreshtha et al., 2020; Marsh and Kulshreshtha, 2021).
The UN-Habitat (UN-Habitat, 2009; UN-Habitat, 2012) and Marsh and Kulshreshtha (2021) have listed several types of earthen masonry depending on the context:
• Compressed stabilized earth bricks or blocks (CEB or CSEB), often known as an enhanced version of adobe bricks, are created by a machine pressing a mixture of soil and a stabilizer.
• Interlocking stabilized soil (earth) bricks or blocks (ISSB/ICSEB), which use the same CEB mixtures but are interlocking.
• Adobe bricks or blocks, which are formed by compacting a clay-straw mixture and have less consistent shapes than CEBs.
• Cob, which are flowing wall and roof shapes formed from clay, sand, and straw.
• Rammed earth, which involves the construction of a mold into which the soil is compacted in layers and allowed to dry.
• Wattle and daub, a type of clay daub strengthened vertically and horizontally by a timber or bamboo frame.
In March 2016, Egypt adopted its first code, “Building with stabilized earth—Part One: Building with compressed stabilized earth units,” highlighting CSEB as a potential alternative to adobe and fired brick masonry units (EG-SE2016). Hanafi (2021)’s investigation on the possibilities of employing CSEB in Upper Egypt’s rural areas discovered that CSEB as a modern version of adobe bricks was the most environmentally, economically, and socially appropriate; also confirmed in other contexts (UN-Habitat, 2009; Di Gregorio et al., 2020; Kasinikota and Tripura, 2021).
CSEB are made by manually or hydraulically compressing soil, water, and a stabilizer. The quality of bricks depends greatly on the soil type, compaction force, type and percentage of stabilizer, production and curing procedures, and weather (Wells, 1993). Cement is the most prevalent stabilizer associated with sandy soil CSEB, and the brick is still considered green with up to 10% by weight because cement contributes to its strength and durability (UN-Habitat, 2009; UN-Habitat, 2012; Bogas et al., 2019; Edris et al., 2021; Kasinikota and Tripura, 2021). Although recent researches has experimented with natural materials, as well as agricultural and industrial waste to minimize or replace cement (fly ash, polymers, geopolymer binders, sugarcane fibers) (Omar Sore et al., 2018; Idriss et al., 2022; Tchouateu Kamwa et al., 2022; Nadia et al., 2023), cement was selected in the production of EH bricks. This is because it is the most tested and utilized stabilizer associated with CSEB production, its commercial availability and lower price in Egypt, higher strength results, and most importantly its suitability to sandy soil and mass-production (UN-Habitat, 2009; UN-Habitat, 2012; Bogas et al., 2019; Edris et al., 2021; Kasinikota and Tripura, 2021).
When interlocking (ICSEB or ISSB), CSEB gains additional benefits because this feature reduces the need for conventional mortar thickness and cement quantity (UN-Habitat, 2009, 2012), provides greater in-plane and out-of-plane shear resistance, reduces skilled labor requirement, enables self-construction, and cuts construction time (Al-Jabri et al., 2005; Uzoegbo, 2016; Ma et al., 2019; Di Gregorio et al., 2020; Wang et al., 2021). When left unfinished, ICSEB walls should be coated with water-based resin or acrylic varnish to withstand moisture and boost durability (Di Gregorio et al., 2020). When reinforced, masonry walls in general gain more resistance to lateral forces. CSEB manufactured with holes allows wall reinforcement by installing rebars and filling them with concrete, giving the structure resilience and reduces its cost (UN-Habitat, 2009; UN-Habitat, 2012; Di Gregorio et al., 2020; Saari et al., 2021). Moreover, they become lighter, allow internal electrical conduits (Di Gregorio et al., 2020), and have improved thermal performance (Uzoegbo, 2016).
In the Ecofordable House, compressed stabilized earth brick walls with interlocking and reinforcing characteristics (hollow ICSEB) and finished with water-based acrylic varnish were used because of these benefits and aspects.
2.1.2 Roof alternatives
Curved roofs under compression, such as vaults, domes, catenaries, and doubly curved roofs (funicular shells), have traditionally been utilized in many buildings, including houses, temples, mausoleums, palaces, churches, and mosques. They were found in the Middle East at a very early date, and were typically made of sun-dried bricks, fired bricks, or stones, depending on the available local materials (Cowan, 1977; Cowan, 1981; Öztürk et al., 2020; Duarte et al., 2021).
According to the UN-HABITAT report on traditional and industrialized building materials, masonry vaults and domes were traditionally common across Egyptian countryside (Sims and Fattah, 2016). Although they have aesthetic, economic, and environmental benefits, they also have certain potential weaknesses such as brittleness, poor tensile strength, and cracking (Bradley et al., 2018). Solutions that might improve their performance include the integration of beams capable of withstanding the lateral force generated by the structure. Hybrid roofs that combine the structural advantage of beams and aesthetic and economic advantages of masonry are found in funicular shell domes and jack-arch vaults (Sivakumar et al., 2015).
“Funicular” means “having the form of or associated with a cord usually under tension” (Merriam-Webster, 2023a). If it is formed like a catenary, the shell is under total tension as a rope, and when turned upside down, it forms a single curve under compression. Funicular shells are doubly-curved (catenary in both axes). These have higher ultimate strength because the dead load is evenly distributed. Funicular shells can cover large areas as a single shell or as waffle slabs. They span square, rectangular, triangular, and non-orthogonal spaces (Cowan, 1977; Jain, 2000; ICAEN, 2004; Kumar and Maheswari, 2019). The largest masonry catenary structure is in the Great Hall of the Palace of Taq Kisra, built around 550A. D. This vault inspired the modern catenary thin concrete shell (Cowan, 1977; Cowan, 1981; Duarte et al., 2021), possibly foreseen by Robert Hooke in 1,675 and influential throughout the 20th century (Cowan, 1981; Jannasch, 2017). A funicular roofing system can be made with concrete shells, bricks, or waste stone/ceramic pieces supported by RC beams. This type provides an improved alternative solution that blends traditional and modern technology, allowing the adoption of natural resources, optimizing the use of steel and cement, adding upper stories, improving aesthetics, and ensuring stability (Keswani, 1997; Jain, 2000; ICAEN, 2004; Kumar and Maheswari, 2019). EH utilized funicular shells made of bricks and waste stone/ceramic, a solution that could significantly contribute to the issue of waste in Egyptian, as well as other countries’, building sector (Daoud et al., 2021). This roof was adopted by several building centers in India (mainly Anangpur Building Center) (Keswani, 1997). A single shell spans 0.8–3.0 m with a rise to span ratio of 1/6, allowing for a second floor (Keswani, 1997; ICAEN, 2004; CSIR and BMTPC, 2021).
A “jack arch” is defined as “a flat arch (as a lintel with a keystone)" (Merriam-Webster, 2023b). The term “Jack” refers to “something that supports or holds in position” as well as “to move or lift” (Merriam-Webster, 2023c). The jack arch roof is a composite roof (Venkatarama Reddy, 2009; Venkatarama Reddy et al., 2014) (also known as a floor) that is an improved version of traditional vaults (ICAEN, 2004). It is made up of brick or concrete vaults that are held up by RC beams or rolling steel joists (I-beams). Single brick arches are placed on edge to make a masonry jack arch using reusable sliding formwork. Beams are typically 1–1.5 m wide and can be prefabricated or cast in place. The rise-to-span ratios of the arches range from 1/8 to 1/12, resulting in a relatively flat roof for intermediate floors. Because the horizontal thrust from the arches cancels each other out, the beams are only intended for vertical loads. However, steel tie rods are transversally installed in the outer bays as arches lack balancing horizontal thrust (Adam and Agib, 2002; BDC 13, 1981; ICAEN, 2004; Khan et al., 2013). Historically, jack arch roofs were made of brick vaults supported by timber joists, which were later replaced by iron as new industrial materials became available. In more recent years, RC beams have been introduced using the same technology (Diodato et al., 2015; Garcia-Castillo et al., 2021). The jack arch originated in Europe, expanded to the Americas, and by the mid-twentieth century was used in East Europe, the Middle East (Maheri et al., 2012; Khan et al., 2013) as seen in Iran (Eslami et al., 2012; Zahrai, 2015; Shabdin et al., 2020), Iraq (Kharrufa, 2007), Turkey (Ozdemir et al., 2017), and Sudan (Mukhtar, 1980; Adam and Agib, 2002), Nepal (Motra et al., 2021), and the Indian subcontinent (Maheri and Rahmani, 2003; Maheri et al., 2012; Khan et al., 2013). It provided span flexibility, upper levels, structural safety, ease of building due to labor and material availability, and good thermal performance (Maheri and Rahmani, 2003; Khan et al., 2013; Leo Samuel et al., 2017). Steel I-beams were one reason the jack arch became socially unpopular and associated with poverty, according to Kharrufa (2007). It caused cracks along the plaster of joists and sometimes at their wall intersections, giving the finish a poor, crackly look. EH incorporated RC joists and lateral beams to address these challenges.
2.1.3 Wood alternative
For over 5,000 years, the Date Palm has been planted throughout the Middle East and North Africa (El-Mously, 2018; Midani et al., 2020). Its Latin name “phoenix dactylifera” comes from “phoenix daktulos,” where “phoenix” refers to the color purple or red in Greek and “daktulos” means finger, pointing to the fruit’s color and form (Zaid and de Wet, 2002; Ghnimi et al., 2017). The Middle East and North Africa alone produce 90% of the world’s date, with Egypt topping the list with 18% in 2020 (FAO, 2020b). The date palm has long been an essential element of the region’s economic and social lives (Agoudjila et al., 2011); it may live for more than 100 years, leaving an average of 13 leaves (per palm) as a huge agricultural waste due to the yearly pruning (Midani et al., 2020). Pruning entails eliminating products that have already served their natural purposes and have become unnecessary to the palm, such as midribs and leaflets (El-Sharbasy, 2018; El-Mously, 2020). The midribs have been traditionally used as a wooden alternative in rural areas for making roofs, fences, furnishings, and boxes, whilst leaflets have been used to create utensils as baskets, mats, hats, brooms (Zaid and de Wet, 2002; El-Mously, 2018). However, the introduction of plastic and a shift in Egyptian consumption patterns caused a drop in date palm-related items since the 1950s (El-Mously, 2018). At the same time, Egypt, like most Arab countries, is dry with little tree cover, making its market fully reliant on imported raw wood. In 2020 for instance, 4.3 million m3 of sawnwood and industrial roundwood were imported to meet the local demand (FAO, 2020a).
Since 1991, researchers at Ain Shams University have experimented with DPLM to evaluate it as a wood substitute. Being able to withstand hot desert storms and millions of loading cycles without breaking due to its unique flexible tissue (Agoudjila et al., 2011; El-Mously, 2018; Midani et al., 2020), the midrib has equivalent physical and mechanical qualities to commercial woods such as beech and spruce (El-Mously, 2018, 2020). Several attempts have created blockboard, particleboard, and blocks with DPLM, but their uses were limited to small scale crafts and industries due to expensive machinery and time-intensive processing (El-Mously, 2018; El-Mously, 2020; El-Mously and Darwish, 2020). The EH have unconventionally reintroduced the DPLM craftsmanship in the manufacture of doors, shutters and pergolas to combine durability while reviving the functions and patterns of wooden mashrabiyyas, a latticework found on the windows of historic Cairo that traditionally ensured privacy and improved indoor thermal comfort (Abdel Gelil, 2006).
2.2 Review on the construction cost of selected technologies
2.2.1 Compressed stabilized earth brick walls (CSEB)
Direct costs of CSEB construction depend on the availability of suitable soil for brick production, current material prices (especially stabilizer), transportation, equipment, wage rates, labor productivity, and construction techniques (Pacheco-Torgal and Jalali, 2012; Uzoegbo, 2016). In the Indian context, a finished solid CSEB masonry is between 15% and 20% less expensive than fired bricks (Singh et al., 2022). A proposed model for alternative multi-story low-cost housing in India suggests that the price of an apartment with masonry CSEB is 13% lower than with reinforced concrete and fired brick walls (Unni and Anjali, 2022). They explained that this reduction is inconsistent with other research studies that suggested savings of up to 40% and that this was justified by the fact that all components, except the CSEB walls, were similar to conventional housing. Using a digital proposal for an Ugandan house, Nuwagaba (2020) found that, while hollow concrete blocks had less embodied energy than fired bricks, they were 36% more expensive per m2 wall, confirming UN-Habitat (2009)’s calculations. CSEB walls were 18% cheaper and had less embodied energy than fired-brick walls (Nuwagaba, 2020). In Sudan, Adam and Agib (2001) revealed that using CSEB blocks in “Al-Haj Yousif experimental prototype school” cut wall costs by 70% when done ‘self-help.’ With Kenaf sand cement corrugated sheets roofing, savings were 40% per m2. In Kenya, CSEB walls cost 20%–70% less than concrete block walls, depending on production.
A feasibility study in Sri Lanka by Davis and Maïni (2017) discovered that CSEB technologies are labor-intensive, with labor costing 60% and materials 40%. According to the report, a 14 cm manually pressed CSEB wall costs 2,007 LKR/m2, a motorized press CSEB wall costs 1,850 LKR/m2, and a 19 cm fired brick wall costs 2,803 LKR/m2. As a result, the first is 28.4% less expensive, while the second is 34% less expensive than fired bricks. When including press, infrastructure, and other costs, CSEB is 26.2% cheaper for manual blocks and 29.9% cheaper for motorized blocks.
Another feasibility study (Kumar et al., 2018) looked into the economic benefits of reinforced interlocking CSEB in the Gulf Coast region of the United States. ICSEB walls, which cost 38,891 $, and CSEB walls, which cost 57,890 $, were 42% and 13.5% less expensive than fired-brick walls, which cost 66,997 $, respectively. A house would cost 104,000 $ if built with reinforced ICSEB, 123,000 $ with CSEB, and 132,107 $ with fired bricks, with the first and second methods being 27% and 18.3% cheaper than fired bricks, respectively.
In South Africa, cement stabilized ICSEB is about half the cost of comparable concrete masonry (Uzoegbo, 2016). In Brazil, the estimated costs of a reinforced ICSEB masonry system is 14% less expensive than traditional fired bricks with RC components, using purchased ICSEB. Making bricks on-site saves 23%, while community engagement in building could save up to 50% of the house’s cost (Di Gregorio et al., 2020).
2.2.2 Hybrid roofs
Several factors make the funicular shell domes economical. First, the amount of steel required for the supporting beams is reduced by 75% (Keswani, 1997). Another study found a 60% save in steel (CSIR and BMTPC, 2021). Second, cement is used only for beams and exterior plastering, saving an average of 35% (CSIR and BMTPC, 2021). Third, free waste materials are used. Fourth, inexperienced workers can build it without centering, unlike masonry domes and vaults (Keswani, 1997; CSIR and BMTPC, 2021). Fifth, in large-scale production, shuttering timber can be replaced with reusable fiberglass molds. Rao and Raina (2005) found that a brick funicular shell roof saves 30% compared to a conventional RC roof. No cost breakdown was found in the literature.
The jack-arch vault, on the other hand, may last for more than 30 years with little or no maintenance with suitable design and finishing (Adam and Agib, 2002). Additionally, it is a less expensive alternative, saving up to 15% of the cost of a typical RC roof, according to Rao and Raina (2005). Again, no analysis was found in the literature to support these figures.
2.2.3 Date palm midrib (DPLM)
In the literature, there was no cost information on DPLM products and very little structured research on raw material costs was found. The raw material was discovered to be 25%–90% less expensive than other natural fiber sources (Al-Oqla et al., 2015; Elseify et al., 2019). A 2015–2017 economic survey on DPLM in Damietta Governorate (Metwally and Hamza, 2017) found that the profitability for investing 1000 DPLM was 35%, depending on the application, which ranged from crates to chairs. 1000 DPLM cost 557 E£; the total is 1453 E£ when adding all expenses, with labor accounting for more than half (52.2%).
2.3 The Ecofordable House description
The design of the constructed model (Figures 1, 2) was awarded first prize in the “Green Urbanism and Innovative Architecture” track (fourth Cairo International Exhibition of Innovation). The alternative technologies were compliant with “Egyptian code for Design and Construction of Concrete Structures” (ECP 203–2018), “Design and Construction of Masonry Works” (ECP 204–2005), and “Building with stabilized earth–part one—2016" (EG-SE2016). The main walling unit is the interlocking compressed stabilized earth brick (ICSEB) (Figure 1C). It is composed of sandy soil, stabilized with Portland cement, and contains two holes that allow reinforcement to act as columns in some locations. The house is roofed with a hybrid system of 15 jack arches (small span vaults 0.8–1 m wide) and six funicular shells (small squared domes 2 m × 2 m), all supported by a grid of RC beams (Figure 1A). Various shells of either fired bricks, marble and granite pieces, limestone, or ceramic pieces were built to compare costs, production, and appearance. The craftsmanship of the date palm leaf midribs (DPLM) was used to make shutters, internal doors, and pergolas. The one-storey house has a porch, an entrance hall, an enclosed living room/reception that can be connected to the entrance hall and kitchen when needed, two bedrooms, one of which can be turned into an extended living room/reception, a kitchen, a bathroom, a roofed terrace, and an external staircase. The internal area without walls is 69.5 m2 and the total house area is 100 m2 (Supplementary Table S1; Figures 1, 2). Supplementary Table S2 provides the specifications for the materials used in the house’s construction (detailed in the next sections).
[image: Figure 1]FIGURE 1 | The “Ecofordable House” built at MSA University in Egypt (A) initial proposal, (B) the EH exterior, (C) various CSEB produced on campus (Source: authors).
[image: Figure 2]FIGURE 2 | EH Masonry: (A) floor plan showing also the reinforced holes and RC beam grid of the roofing system, (B) sections in a solid wall (left), through a window (middle), and through a door (right) (Source: authors).
2.4 Construction techniques of alternative components
2.4.1 Construction of reinforced ICSEB walls
External and internal walls are 25 cm and 12.5 cm thick (as per ECP 204–2005) and reinforced based on the structural design (Figures 2A, B). They are made of 25 × 12.5 × 7.5 cm hollow CSEB. The bricks were manufactured from sandy soil available at the MSA University’s campus (70%–75% sand, 25%–30% fine particles, including 10% clay), and field tests determined their suitability based on EG-SE2016. Standard bricks were made of 90% soil and 10% cement stabilizer by weight (Supplementary Table S3); water was added gradually during mixing, with manual tests to determine the optimal amount. The mixture was then pressed in a semi-hydraulic machine. High strength bricks (HS) for the first three courses and two brick beam courses were made with a 15% cement mixture, with some variations if coloring oxide is added. The bricks were then cured in a humid environment for 28 days. Standard bricks have an average compressive strength of 5.1 N/mm2 and water absorption of 13.6%, while high strength bricks have more than double the strength, 11.4 N/mm2, and lower water absorption, 10.7%. A clear water-based acrylic varnish significantly reduced the standard brick’s water absorption to 6.2%.
The following are brief explanations of the construction steps (see Figure 3).
• 80 × 40 cm plain concrete foundations were casted.
• Above them, 25 × 60 cm RC strip foundations were cast.
• The first course of bricks was laid to mark the locations of reinforcements per the design.
• 165 cm long, Ø 12 rebars were anchored in specific locations with a depth of 15 cm.
• The first course of high strength (HS) bricks was then built with 1:4 cement mortar (cement:sand, dry), followed by two high strength courses built with slurry mortar as the remaining courses.
• The remainder of the wall was built with standard bricks. To mimic the Islamic ablaq, red or grey ICSEB courses were occasionally added for aesthetic purposes, using a small amount of iron oxide.
• The rebars required for the remaining height were tied to the first ones with a 15–20 cm overlap.
• Every 50 cm, steel stirrups Ø 8 were used to join perpendicular walls (T-shape and corner), and concrete grout 1:2:1 (cement: sand: gravel, dry) was poured in the steel bars holes.
• A course of special beam bricks, horizontally reinforced with Ø 8 steel bars fixed to the vertical rebars, ran twice: at the sill and lintel levels.
• Electrical conduits were easily installed in the brick holes while the walls were being built. After the construction was finished, three layers of water-based acrylic varnish were sprayed on the walls to provide humidity resistance.
[image: Figure 3]FIGURE 3 | Parts of the construction process of EH walls (Source: authors).
2.4.2 Construction of jack arches and funicular shells
Figure 4A shows the completed jack arch and funicular shell roofs, while Figure 4B depicts their construction steps.
• At roof level, reinforced concrete beams were partially cast halfway up. The design determined their cross section and rebar count (Ø 12). The funicular shells were supported by 25 cm × 32 cm beams with shear reinforcement at the edges. Jack arches’ joists were 16 cm × 32 cm (WxH), and their edge beams were identical to funicular shells but without shear reinforcement because the tie rods compensated.
• The mid-heights of the beams serve as the starting point for the funicular shell and jack arches.
• To construct a funicular shell, the curved profile of the shell was created with mud by measuring the rise of the shell at symmetrical places over the span of the shell in both directions.
• A flat formwork similar to that used for casting an RC slab was created to hold the mud mold.
• A small layer of sand was distributed on the shell’s mud mold, and then stones, bricks, or broken tiles (granite, marble, ceramic), etc. were led along the curvature in the desired patterns.
• To protect the finishing materials, a rich cement slurry mortar in a 1:2 ratio was poured over the units.
• When filled with this mortar, the spaces between the pieces act as joints (micro-ribs).
• A second layer of bricks or broken stone is placed on the edges to create an arch action.
• For constructing a jack arch, reusable wooden formwork was pre-prepared according to its shape.
• The fired bricks are then conventionally built into a vault with 1:4 cement mortar.
• Shells and arches were then covered with cement mortar and after 48 h, molds were removed.
• Three transversal Ø 12 tie rods were placed along jack arches with no adjacent arches or shells before casting the remaining height of the beams. The remaining beam height was then casted in-situ.
• Sand was utilized as a roof filler to provide a flat surface; ceramic roof tiles were laid normally.
[image: Figure 4]FIGURE 4 | EH Alternative roofing: (A) jack arches and ceramic shell in the kitchen and bedrooms (DPLM doors are shown before installing the polycarbonate sheets), and broken marble/granite and brick funicular shells in the LR; (B) parts of the construction of funicular shell and jack arch (Source: authors).
2.4.3 Manufacturing of DPLM components
Palm midribs replaced wood in internal doors, window shutters, and pergolas (Figures 5A, B). The architect communicated the designs to the craftsman, who manufactured them using traditional furniture and crates making techniques (Figure 5A) and hand tools. The midrib is divided into slats, which are then inserted together to create latticework patterns. To protect the midrib from potential mites, a pesticide (Clorzane) was sprayed. Because the DPLM was bent, wooden strips were attached to the vertical edges of the door to secure and straighten the midribs. Furthermore, polycarbonate sheets were installed and secured behind the DPLM patterns of the doors (Figure 5B).
[image: Figure 5]FIGURE 5 | Date palm midribs (DPLM) products: (A) fronds from pruning, chairs and crates; (B) the house’s DPLM internal doors, shutters and pergolas (before and after installation) (Source: authors).
2.5 Methodology for determining construction costs
Figure 6 shows the methodology followed to gather data and determine EH construction cost and saving rates. The center responsible for project decided upon required materials, labor, hours, and tools, which the institution’s procurement department followed to purchase materials and tools and pay labor according to agreed-upon wages. Second, engineers and trainees used a daily report form to document construction data. Third, regular meetings reviewed total expenses and price updates. Fourth, alternative system total costs and unit rates were analyzed. Fifth, professional contractors developed a BOQ for building a similar model using conventional techniques. Sixth, the breakdown and overall costs of the two models were compared and savings estimated to assess EH cost-effectiveness. The assumed reduction in the quantities of cement, steel, and fired bricks was also observed.
[image: Figure 6]FIGURE 6 | Methodology followed to determine EH construction cost and saving rates.
2.6 Affordability
The home price-to-income ratio (PIR) is frequently used to evaluate affordability and market values due to its ease of calculation based on readily accessible data, such as property price and household income. The World Bank, the UN, the Joint Center for Housing Studies at Harvard University, and other institutions have all used it. (Adabre and Chan, 2019; Leung and Tang, 2023). The following equation is used:
[image: image]
Affordability in Egypt was estimated using the latest CAPMAS (Central Agency for Public Mobilization and Statistics) data on the 10 Egyptian income groups in 2019/2020. (Eldin and Taher, 2020). While The World Bank considers a reasonable price-to-income-ratio to be generally from 3 to 6 (Adabre and Chan, 2019), UN-Habitat’s report on “Egypt housing profile” says a ratio of 5-7 is affordable in the Egyptian-like contexts, which means between 5 and 7 times the annual income. Informal units had an average ratio of 3.8–7.7, the ratio was 9.4 in subsidized units, and 25.8 in non-subsidized private sector units, with only informal units being affordable (Sims and Fattah, 2016).
3 RESULTS
The following sections provide comprehensive construction expenses for EH’s alternative walls, hybrid roof, and DPLM components towards its ultimate cost estimate.
3.1 Reinforced ICSEB walls costs
3.1.1 Cost of bricks
To produce 800 bricks, four non-skilled laborers (trained for 2 days) and one engineer were needed daily (Supplementary Table S4). Labor costed 850 E£, while materials costed 290 E£ (540 E£ for high-strength bricks, hereafter HS) with 74.6% accounting for the labor and 25.4% for the soil and cement, including their transportation (Figure 7). After considering maintenance, water, electricity, tools, and other expenses, the total standard bricks costed 1390 E£ per day. The self-help production (i.e., without manpower, hereafter SHP) costed 540 E£ per day, representing thus a 61% saving. In general, a standard brick costs 1,74 while SHP costs 0.68 E£ based on Eq. 3.
[image: image]
[image: Figure 7]FIGURE 7 | Materials and labor costs percentages in reinforced ICSEB masonry and hybrid roofing.
3.1.2 Cost of soil-cement mortar
CSEB mortar is also made from soil (for detailed expenses see Supplementary Table S5). A 10 m2 half-brick (12.5 cm) wall required 70 L of dry soil-cement, which included 60 L soil, 9 L cement (12.5 kg), and 0.5 L of white glue for adhesive. A more expensive option is pure white glue. Water is added to form a soft paste. 1 m2 costed 2.9 E£ (7 L), compared to 38 E£ for conventional mortar (25 L), representing a 92.4% saving. The former required 1.25 kg of cement per m2 while the latter required 7.5 kg, saving 83% by weight. The unit rate of 1 L soil-cement mortar is 0.41 E£ based on Eq. 3.
[image: image]
where 1 m2 wall requires 7 L dry mortar.
3.1.3 Cost of the overall ICSEB masonry without reinforcement
1 m2 wall needed 54 bricks and 7 L (dry) of soil-cement mortar (Table 1); a mason and helper built 10 m2 per day. 12.5 cm wall without finishing costed 137 E£ and 79.6 E£ (SHP) per m2; 25 cm wall costed double these values. Acrylic coating per 1 m2 increased the cost of a 1 m2 wall to be 166 E£ and 108.6 E£ (SHP) for a 12.5 cm wall and 303 E£ and 188.2 E£ (SHP) for a 25 cm wall. Without reinforcement, materials and labor accounted for 70% and 30% of the total cost, respectively (Figure 7). In the case of SHP brick walls, the breakdown is 54% and 46%. These percentages are comparable to those in Sri Lanka’s feasibility study (Davis and Maïni, 2017). When using SHP CSEB instead of labor produced, a saving of 34.5% (12.5 cm wall) and 37.9% (25 cm wall) was found, compared to 70% saving in Sudan back in 2001 (Adam and Agib, 2001).
[image: image]
TABLE 1 | Cost of ICSEB walling components.
[image: Table 1]3.1.4 Cost of RC microcolumns and RC brick beam
141 holes were reinforced according to the design. Rebar, stirrups, plain concrete 1:2:1 (cement: sand: gravel), and epoxy mortar (to secure the rebars in the foundation) were used (Table 1). The holes needed 1 m3 of plain concrete. Three workers anchored the rebar into the foundation, 7 workers cut and fixed rebars and stirrups, and 6 workers and 6 helpers poured the concrete. After adding the overall labor cost (4,600 E£), the microcolumns costed 12,486 E£ (without the bricks, which are considered in the masonry). The cost per microcolumn was 88.55 E£, with materials accounting for 63.2% and labor for 36.8% (Figure 7). The brick beam course was filled with 0.4 m3 concrete (1:2:1) costing 136.5 E£, and 47.5 kg stirrups costing 711 E£ (Table 1). One worker per beam was needed to cut, shape, and fix the stirrups, while 2 workers and 2 helpers poured the plain concrete, costing 1,050 E£. The beam costed 1,897.5 E£ (without bricks), with materials accounting for 55.3%, labor 44.7% (Figure 7) and a rate of 13.18 E£ per m long.
[image: image]
3.1.5 Total cost of walling system and unit rate
EH has a masonry area of 167 m2, including 92 m2 external, 52 m2 internal, 14.5 m2 external HS and 8.5 m2 internal HS (first 3 courses and 2 beam courses). When masonry, microcolumns, brick beams, finishing, and first course cement mortar expenses were added (Table 2), the overall cost was 59,201.4 E£ and 43,630 E£ (SHP), or 354 and 261 (SHP) per m2 wall. The SHP-brick saved 26.3% in walls.
[image: image]
TABLE 2 | Total cost of ICSEB walling system and unit rate.
[image: Table 2]3.2 Jack arches and funicular shells roofing cost
3.2.1 Cost of a jack arch and funicular shell roof without the RC beams
350 fired bricks were needed to build a 1 m × 4 m2 jack arch, as well as 166 L of dry cement mortar (1:4) for the mortar and plastering the vault from the outside, as shown in Table 3. The materials per m2 costed 124.25 E£ and the labor, which included two masons and two helpers, costed 200 E£ per m2. When the average tie rod expense and the average formwork wood expense were considered, the material costs were 139.85 E£ per m2, representing 41%, while the labor costed 201.56 E£, representing 59%. The 15 jack arches (42.73 m2) costed 14,588 E£, i.e., 341.4 E£ per m2. A 2 m × 2 m fired-brick funicular shell required 470 bricks and 100 L of dry rich cement slurry mortar (1:2), as well as 66 L of cement mortar (1:4) for outside plastering. When the shell was built using fired-bricks, broken marble and granite or broken ceramic tiles, or limestone tiles, the materials per m2 costed 166.5 E£, 134.25 E£, and 184.25 E£, respectively, where the second and third types had the same material cost. The labor, which included two masons and two helpers per shell, costed 200 E£ per m2 without the formwork labor cost. The formwork was completed for each funicular shell in the manner described in the construction process; two workers were required per funicular shell, at a cost of 300 E£ (75 E£/m2). When the average formwork wood cost per 1 m2 was considered, the total material costs became 171.2 E£, 138.95 E£, 188.95 E£, representing 38.4%, 33.6%, and 40.7%, respectively, while total labor costed 275 E£, representing 61.6%, 66.4%, and 59.3% for fired-bricks, broken marble and granite or broken ceramic tiles, and limestone tile shells, respectively.
TABLE 3 | Cost of a 4 m2 jack arch and funicular shell.
[image: Table 3]3.2.2 Cost of hybrid roofs including the RC beams
The volume of the RC beams is 6.3 m3, accounting for 25.3 m2 of the roof. Their 66 m2 sides needed plastering and painting (Table 3). The cost of alternative roofing system ranged between 53,806–55,147 E£, including beams. Despite the beam cost (18,610 E£) being higher than the masonry work (14,576 E£) of the jack arch, this system was the cheapest, 558.32 E£/m2, with the beam representing 56% of its cost (Figure 8). It was followed by broken marble, granite and ceramic shells, 582.6 E£ (beam 46%) then fired bricks, 607.1 E£ (beam 44%), and finally limestone, 620.6 E£ (beam 43%). The difference between the jack arch system and the limestone shell system is 10%. A removable PVC formwork would have reduced the cost of the funicular shell (more cost-effective for mass construction). The jack arch was 23.6% cheaper than the fired brick shell without beams (341.4 E£ vs. 446.25 E£, but just 8% cheaper when they are included.
[image: Figure 8]FIGURE 8 | Hybrid roof cost and RC beam share per m2.
3.3 DPLM openings and pergolas cost
One thousand and sixty palm midribs were used to make 28.5 m2 of doors, shutters, and pergolas. One craftsman can make one door (1.8 m2), two windows (2 m2), or 2 m2 pergolas daily (Table 4). DPLM for windows and pergolas costed 50 E£ and the craftsman’s fee was 100 E£, for a total of 150 E£ per m2 representing 33.3% and 66.7%, respectively (without the common items such as the wooden frames, accessories, and hinges, which will be added in a later section). The door materials’ cost, including the polycarbonate sheets and the two vertical wooden strips, was 180 E£, while the craftsman costed 200 E£. In total, the door costed 380 E£, or 211 E£ per m2, representing 47.4% for and 52.6% respectively because of the polycarbonate and wood. Table 4 illustrates also the entire cost of the DPLM components.
TABLE 4 | Cost of DPLM items and rate per m2.
[image: Table 4]4 DISCUSSION
4.1 Construction cost savings of the EH
Based on the previous sections, Figure 9A provides the saving rates in each EH component assuming the conventional house cost is 100% (a detailed comparison of the costs of EH and a comparable conventional house is provided in Supplementary Table S6). The conventional walling system includes RC columns, fired brick masonry, plastering, and painting while the alternative walling system features ICSEB walls with RC components (microcolumns and RC brick beams) and 3 layers of water-based acrylic coating. The conventional roof is a 20 cm thick RC flat slab, whereas the alternative roofing consists of 15 fired brick jack arches and six funicular shells, all assumed of fired bricks as suggested by HBRC to comply with ECP 204–2005. DPLM and polycarbonate sheets replaced wooden paneled doors (whitewood slats covered on both sides with plywood sheets), DPLM latticework shutters replaced Egyptian sheesh (Venetian shutters with horizontal spruce slats), and DPLM pergolas replaced spruce pergolas.
[image: Figure 9]FIGURE 9 | Savings in the alternative components: (A) saving rates of standard EH and with self-help produced bricks compared to a conventional house, (B) unit rates comparison between CH, EH and EH SHP, (C) comparison of utilized quantities of materials in alternative and conventional technologies by weight.
While conventional walling costed 109,297 E£, the alternative costed 59,201.5 E£ with labor-produced bricks and 43,630 E£ with SHP bricks, saving 46% and 60%. Despite the findings of Jarkas (2016) that a slab supported by two-way beams negatively affects labor productivity, time and cost compared to flat roofs, the EH roofing saved 23.3% in average. The hybrid alternative roofing costed 54,671 E£, with 50% accounting for the plastered and painted RC beams, compared to 71,250 E£ for the flat slab finished roof. The volume of the reinforced concrete in the hybrid roof was 6.3 m3, compared to 19 m3 in the flat slab, resulting in a 67% reduction. This value is consistent with the findings of Keswani (1997) and CSIR and BMTPC (2021), which mentioned savings in steel between 60% and 75%. Four single and two sliding doors made of DPLM and polycarbonate costed 3,481.5 E£ instead of 8,250 E£ for wooden paneled doors, a 58% reduction. The three DPLM window shutters costed 600 E£ instead of the 2000 E£ for the sheesh, signifying a 70% reduction. A total area of 8 m2 DPLM pergolas costed 1200 E£ instead of 4,000 E£ for spruce, saving also 70%. The costs of alternative systems combined were 117,954 E£ and 102,382.5 E£ (SHP) versus 194,797 E£ for conventional systems, representing a 39.5% and 47.5% saving respectively. After considering the costs of the common components in both systems (127,765 E£), such as plain and RC foundations, plain concrete beneath flooring, flooring tiles, electrical and plumbing installations, ceramic tiling of the toilet walls, door and window frames, glass panels, accessories, and entrance stairs, Ecofordable House’s total cost became 245,719 E£ and 230,147.5 E£ (SHP), while its conventional counterpart costs 322,562 E£, saving 23.8% and 28.7%. Although the savings rate for the entire house is lower than for the alternative systems alone, the cost difference is substantial when constructing multiple houses, given their lower environmental impact. In addition to summarizing the unit rates and final savings calculated in previous sections, Table 5; Figure 9B illustrate the breakdowns for each technology separately. Standard non-reinforced 25 cm ICSEB walls saved 48.7% and 68% (SHP). A 12.5 cm ICSEB wall saved 61% and 74.5% (SPH). The savings were considerably aided by the finishing.
TABLE 5 | Summary of cost comparisons and saving rates of the ecofordable house’s alternative technologies.
[image: Table 5]This study found that ICSEB is more beneficial than in Uganda. Nuwagaba (2020) estimated that non-reinforced CSEB walls in an Ugandan house (digital model) is 18% cheaper than fired bricks. Furthermore, compared to a 2001 study in Kenya, which estimated CSEB walls cost 20%–70% of concrete block walls (Adam and Agib, 2001), this study provides more accurate figures. The feasibility study by Davis and Maïni (2017) in Sri Lanka suggested that 14-cm-thick CSEB walls are 26.2%–29.9% cheaper than 19-cm-thick fired brick walls. Comparing different wall thicknesses was challenging because it was unclear if they were both loadbearing. Recent research by Singh et al. (2022) in India mentioned a 15%–20% savings in finished CSEB masonry compared to fired bricks without providing detailed cost analyses. The feasibility study by Kumar et al. (2018) in the US Gulf Coast found similar EH savings rates, where reinforced ICSEB walls were 42% cheaper than fired brick walls. In Brazil, Di Gregorio et al. (2020) estimated that a reinforced ICSEB system saves 23% compared to conventional fired bricks and RC columns (Di Gregorio et al., 2020), while EH saved the double, 46% and 60% (SHP). The same study by Kumar et al. (2018) suggested that, when adding common expenses, a reinforced ICSEB house is 27% cheaper than fired-bricks’, close to EH saving rate (23.8% and 28.7 SHP). Finished jack arch roof saves 26%, while funicular shells save between 17% and 22%, according to the material. These figures are not consistent with Rao and Raina (2005) suggestions, which mentioned that jack arch and funicular shell roofing saves 15% and 30% compared to RC slab.
4.2 Quantities of materials with high environmental impact
Figure 9C compares cement, steel, and fired brick contents in alternative and conventional systems (detailed quantities are available in Supplementary Table S7). The weight of cement, including 10% CSEB stabilization, was 9,530.75 kg vs. 13,061 kg; steel was 1,281 kg vs. 3,962 kg; and fired bricks were 6.6 m3 vs. 34 m3. Quantity reductions in the proposed house were 27% in cement, 68% in steel, and 80% in fired bricks, even when assuming only fired bricks were used in the hybrid roof (ECP 204–2005). With an average fired brick density of 1,900 kg/m3, the total weight of these materials combined is 23,352 kg instead of 81,623 kg in conventional systems, utilizing only 28.6% by weight and saving thus 71.4% and implying considerably lower embodied energy. More research is needed to investigate this topic.
4.3 EH affordability
As per the latest CAPMAS report of 2019/2020 (Eldin and Taher, 2020), the average annual household income in Egypt ranged between 34,200 E£ and 95,400 E£ in a scale of 10 income brackets, as shown in Table 6. Without taking into account the land price and profit, i.e., government-built houses, the price-to-income-ratio of the 100 m2 Ecofordable House with SHP bricks (EH SPH) ranged between 2.4 and 6.7, indicating that it would be affordable for all income brackets, and even considered cheap for seven of them as the ratio was below the UN-Habitat affordability range (5-7 in contexts similar to Egypt, (Sims and Fattah, 2016). The standard Ecofordable House ratio was between 2.6 and 7.2, making it cheap for six income brackets, affordable for three, and expensive, but on the borderline of affordability, for the lowest bracket. The conventional house (CH) ratio, on the other hand, ranged between 3.4 and 9.4, making it cheap for the highest income bracket only, affordable for six, and expensive for the lowest three brackets for which government-built housing is significant. The affordability will improve in case of smaller house area.
TABLE 6 | Affordability comparison between the ecofordable house and conventional house (100 m2).
[image: Table 6]5 CONCLUSION
A rural prototype house (Ecofordable House, EH) that combines improved vernacular technologies was built in the desert area of western Giza, Egypt, in response to increasing housing prices and the prohibitive cost of materials in the construction sector. Based on a review of the literature, interlocking compressed stabilized earth brick walls (partially reinforced), jack arch and funicular shell roofs, and date palm midribs were selected as alternatives to minimize the use of steel, fired bricks, cement, and imported wood. The study aimed to evaluate their potential construction cost savings and affordability using real data rather than feasibility studies or digital and economic models. Although the revival of the employed solutions is continuously advocated, the literature focuses mostly on structural and environmental performance, with little information on economic advantages. A research gap on their construction cost effectiveness and affordability was found.
The paper began by examining relevant technologies and discussing the reasons for selecting EH solutions before delving into economic data available in the literature. Then, it presented a description of the house and detailed the construction process of alternate components. It provided original information on construction steps, materials, and labor costs collected during the construction process, calculated overall costs, and compared them to conventional methods. Finally, price-to-income ratios were calculated to estimate the affordability of the house for various income brackets in Egypt.
Compared to fired brick walls and RC columns combined, the alternative walling system (partially reinforced ICSEB varnished with acrylic) reduced wall costs by nearly half (46%), with savings increasing to 60% when self-help produced ICSEB (SHP) was used. The cost of jack arch and funicular shell hybrid roofs was 23.3% less than that of 20 cm RC flat slabs. Midribs of date palm leaves (DPLM) and polycarbonate doors were 58% less expensive than wooden paneled doors, and DPLM shutters and pergolas were 70% less expensive than whitewood (spruce). Alternative technologies saved 39.5%, while using SHP bricks saved 47.5%. EH saved 23.8% after including shared components, and 28.7% when using SHP bricks. Furthermore, the suggested technologies saved 71.4% of the weight of cement, steel, and fired bricks, implying a lower environmental impact. In Egypt, EH with SHP bricks would be affordable in government-built houses for all 10 income brackets (cheap for seven). The standard EH would be affordable for 9 brackets (cheap for 3) and expensive for the lowest bracket (on the borderline of affordability). The conventional house is affordable for 7 brackets (cheap for the highest bracket only), and expensive for the lowest 3, for which public housing is being built.
Although the current study was undertaken in Egypt and is a case study, it is applicable to a broader geographical region because the utilized technologies have attracted interest as sustainable alternatives in recent years throughout Europe, Africa, the MENA region, and Asia. In addition, the findings could serve as a resource for academics, practitioners, and contractors that advocate or doubt the economic benefits of enhanced vernacular technologies. An important limitation of this study is that it only examines the initial building costs. Additional research utilizing life cycle costing (LCC) and life cycle assessment (LCA) is necessary to thoroughly analyze the economic performance and environmental impact of the Ecofordable House.
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Materials

Description

Midribs 50 nos | 1 50
Wooden strips 2 nos ‘ 15 30
Polycarbonate 18 m ‘ 55 00
sheet
Total material costs per 18 m? door 180
Labor

Description Nos Daily wage ‘ Productivity
DPLM craftsman 1 200 ‘ 1 door per day 200
Total cost per 1.8 m* door 380
Total cost per m* 211

Windows/Pergolas
Materials
Description Qty Unit ‘ Unit rate EE
Midribs 50 nos \ 1 50
Labor

Description Nos Daily wage ‘ Productivity

DPLM 05 200 ‘ 2m? per day 100
craftsman

Total cost per 1 m* window/pergola 150

Total costs of DPLM items
7 Qty Unit Unit rate E€

Doors 165 m 211 34815

Windows 4 m 150 600

Pergolas 8 m 150 1,200

Total cost 52815

Bold values are always related to total costs and final unit rate.
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Description Unit Unit
rate (E£)

Jack arch

Materials for one 4 m x 1 m jack arch

Bricks 350 Nos 07 25
Cement mortar 1:4* 100 (4) L (m%) 152 (38) 152
Cement Plastering 1:4" 66 (4) | L (m%) 152 (25) 100
Total materials cost per 4 m* (per 1 m?) 497 (124.25)

Labor for one 4 x 1 m jack arch ‘

Mason 2 Daily wage 250 500
[ Helper 2 Daily wage s | 300
Total labor cost per 4 m* (per 1 m?) 800 (200)
Formwork® ‘
Reusable wood Ls Ls " 10 25)
Labor 1 Daily wage 250 625 (1.56)
Total Formwork per jack arch 16.25 (4)
Total cost of a4 m x 1 m jack arch 1,313.25
Cost per m* 3283
Total costs for total of 42.73 m? (15 jack arches) | 14,028
Tie rods
Steel bars © 12 1865 kg ‘ 15 280
Threading & nuts 28 Nos \ 10 280
Total tie rods cost for 42.73 m’ jack arches (per m?) 560 (13.1)
Total costs for a 42.73 m? jack arches 14,588
Jack arch cost per m® including the tie rods 3414
7 Funicular shell

Materials for one 2 x 2 m Funicular shell

Fired bricks 470 Nos 07 329

Broken marble/granite or broken 4 m’ 50 200
ceramic tiles

Limestone tiles 4 m* 100 400
Rich cement slurry mortar 1:2 100 (4) L () 237 (59.2) 237
Cement Plastering 1:4" 66 (4) L () 152 (25) 100
Total materials per 4 m* (per 1 m’) Fired bricks 666 (166.5)
Broken marble and granite/broken ceramic tiles 537 (134.25)
Limestone 737 (184.25)

Labor for one 2 x 2 m funicular shell dome

Mason 2 Daily wage 250 500

Helper 2 Daily wage 150 300
Total labor cost per 4 m* (per 1 m?) 800 (200)
Formwork ‘
Reusable wooden Formwork 1 Ls 18.75 18.75 (4.7)
Labor 2 Daily wage 150 300 (75)
Total formwork cost 31875 (79.7)
Total costs per 2 m x 2 m shell Fired bricks 1785
Broken marble and granite/broken ceramic tiles 1,656
Limestone 1856
Cost per m* Fired bricks 446.25
Broken marble and granite/broken ceramic tiles 414
Limestone 464

Hybrid roofing system including RC beams

Description Area Area of beams (m?) | Area including beams (m?) | Cost without beams E£ Beam cost Total cost | Rate/m? EE
without
beams (m?)

Jack arches 273 1673 5946 14,588 18,610 33,198 55832
Fired bricks 2683 854 3537 11,972.89 9,500 21473 607.1
Brocken tiles 11,107.62 20,608 5826
Limestone 12,449.12 21949 6206

“The volume of dry cement mortar needed per 1 m* = 25 L, consisting of 5 L (7.2 kg) cement and 20 L sand. The cost per m? is 7.2 kg x 5 E€ + 20 L x 0.1 E€ = 3 8 EE/m?, or 1.52 EE/L.
"The volume of dry cement plaster needed per 1 m” = 165 L, consisting of 3.3 L (4.75 kg) cement and 13.2 L sand. The cost per m is 475 kg x 5 EE + 132 L x 0.1 EE = 25 E€/m’.
“Reusable wooden formwork for 40 jack arches: Materials (wood) 400 EE + Labor 250 E€ = 650 EE. The volume of dry cement slurry needed per 1 m* =25 L, consisting of 8 L (11.5 kg) cement
and 17 L sand. The cost/m? is 115 kg x 5 E€ + 17 L x 0.1 EE = 59.2 E&/m*. § For 40 shells: Materials cost (wood) = 750 E£.

Bold values are always related to total costs and final unit rate.
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Brackets Annual income in 1,000 (2019-2020) Price-to-income-ratio

EH SHP EH cH
230,147.5 245,719 322,562
45
4 | 468 49 53 69
5 498 4.6 4.9 65
6 516 45 4.8 63
7 545 42 | 4.5 59
8 593 39 42 54
9 | 63.7 36 | g 5.1
10 | 95.4 24 | 26 34
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Description Alternative system unit  Conventional system unit Difference

rate E£ rate E£ EE

ICSEB Walls 25 cm (standard non-reinforced, with |~ m? 303 (188)° 590 287 (402) 48.7% (68%)

finishing)

ICSEB Walls 125 cm (standard non-reinforced, m? 166 (108.5) 425 259 (3165) | 61% (74.5%)

with finishing)

Reinforced ICSEB walling system” m? 354 (261) 655 302 (395) 46% (60%)

Jack arch roof with RC beam m? 558 750 192 26%

Fired brick shell with RC beam m? 607 143 19%

Broken marble and granite/broken ceramic tiles m? 582.5 1675 22%

shell with RC beam

Limestone tiles shell with RC beam m? 6205 1295 17%

DPLM doors + polycarbonate sheets m? 211 500 289 58%

DPLM window shutters m? 150 350 70%

DPLM Pergolas m? 150 350 70%

Alternative systems combined m? 1,179.5 (1,024) 1948 768.5 (924) 39.5%
(47.5%)

Total House 100 m* m? 2,457 (2,301.5) 32255 768.5 (924) 23.8%
(28.7%)

“The figures in parentheses represent the cost in case of using self-help produced CSEB (SHP).
"Including reinforced microcolumns, brick beams, high-strength ICSEB, courses, and finishing for the alternative system; fired brick walls and RC, columns for the conventional system.
Bl valiios: e abwie iiod 55 sotal comts und sl Hiit Taw,
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Description

Unit rate (E£)

Standard Self-help

Total (E£)

Standard Self-help

ICSEB walls (167 m?) | External CSEB walls (25 cm) 92 m 274 1592 25,208.00 14,646.40
Internal CSEB walls (125 cm) 52 m* 137 796 7,124.00 413920
External high strength ICSEB (25) 145 m 3018 1938 437610 281010
Internal high strength ICSEB (12.5) 85 m* 09 969 128265 82365
Microcolumn 141 Nos 88.55 12486
Brick beams 2 Nos 189750 3795
Finishing 334 145 4843
 ement mortar of 1t course 11 (5 L: 20L/m?) per m* 57(28) | L(m) 152/L (38/me)" 86.64
Total walling system cost 920139 | 43,6299
Average cost of 1 m? finished reinforced masonry system 354 261

“The volume of dry cement mortar needed per 1 m? = 25 L, consisting of 5 L (7.2 kg) cement and 20 L sand. The cost per m* is 7.2 kg x 5 E€ + 20 L x 0.1 E€ = 3 8 E&/m’, or 1.52 EE/L.

Bold values are always related to total costs and final unit rate.
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Description Unit rate E£ Total cost/m? E£
Standard Self-help Standard Self-help
\ Materials
Bricks® 54 Nos ‘ 174 (2) ) 94 (108) 367 (54)
Mortar® 7 £ ‘ 041 29
Total materials cost* 97 (110.9) 39.6 (56.9)
Labor
‘ Description [ Nos Daily wage ‘ Productivity | Rate/1m*
Mason + Helper (540 bricks/10 m* 2 400 (250 + 150) 10m? per day (540 bricks) 40
per day)
Total cost of Im* 12.5 cm ICSEB walls without finishing® 137 (1509) 796 (96.9)
Total cost of 1m* 25 cm ICSEB walls without finishing® 274 (301.8) 1592 (193.8)
‘ Finishing
~ Materials
Description I Qy Unit Unit rate EE Total/m* EE
Acrylic coating (3 layers) 038 L 2 95
‘ Labor
Description Nos Daily wage Productivity Rate/1 m*
Painter 1 250 50 m” per day 5 (one side)
Cost of 1 m* of Finishing 145
Cost of 1 m* of 12.5 cm ICSEB walls + Finishing of both faces 166 (179.9) 108.6 (125.9)
Cost of 1.m* of 25 cm ICSEB walls + Finishing of both faces* | e | sz (2228)

| RC microcolumns (141 holes)

\ Materials
Description | Qy | Unit Unit rate B Total cost EE
Rebar ® 12 (35 m long) a3 Kg 15 6195
Steel stirrups @ § 475 Kg 15 71
Plain concrete (0.0077 m/column)* 1 m ‘ 350 350
Anchoring Epoxy 7 L % 630
Total Material costs 7,886

Labor

Description Nos Daily wage Total cost E€
Steel fixing labor 7 | 250 1750
Steel Anchoring Labor 3 150 150
Casting labor 6 250 1,500
Casting helper 6 150 900
Total Labor costs 4,600
Total Cost of 141 microcolumns 12,486
Cost per 1 microcolumns 8855

\ RC brick beams (114 m long)

| Materials
Description Qy Unit Unit rate (E€) Total cost (E€)
Steel stirrups @ 8 475 Kg 15 711
Plain concrete® | 039 w | 350 1365
Total material costs 847.5

Labor

Description Nos Daily wage Total cost EE
Steel fixing labor 1 250 250
Casting labor 2 250 500
Casting helper 2 150 300
Total Labor costs 1,050
Total Cost of one 114 m brick beam 1,897.5
Total Cost of two 114 m brick beam 3,795
Cost of beam per 1 m long 13.18

“The figures shown in parentheses are for high strength bricks.
% L sand + 0.9 L cement + 0.05 L white glue.

‘I cement: 2 sand: 1 gravel.

Bold values are always related to total costs and final unit rate.
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