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Labor housing projects in many Gulf countries are located in less favorable sites in the desert hinterland. They are characterized by grid-based compositions, simple facades, and block buildings positioned on the outskirts of cities. This development type was implemented in the industrial sector of Abu Dhabi, known as Mussafah. Gradually, this industrial area redeveloped its urban fabric by transforming many of its buildings into mixed-use structures with small gardens that provide open air spaces to the community and promote social interaction. Interventions from the community via introducing small garden stock increased the sense of belonging, improved the urban fabric, and reduced sand movement in the area. This is important in the Gulf region’s desert environment, which gives rise to sandstorms. This study evaluates the amount and distribution of sand around a selected group of buildings in the Mussafah area through experimental work. The methodology involves a coupled air and sand experiment in an environmental wind tunnel. The experiments have shown that adding a fence around the small gardens of the buildings in Mussafah reduced the sand pollution effects significantly.
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1 INTRODUCTION
Pre-petroleum urban enclaves in the Gulf region are scarce. The lack of a coherent fabric of built heritage in Abu Dhabi from the pre-petroleum era made it difficult to use local precedents to create the modern city (Menoret, 2014). Modern Abu Dhabi, which dates to the late 1960s, was planned to reflect many of the principles of “Modernism,” which gave emphasis on functionality and a minimalistic approach to the use of materials (Anderson, 1977). This was manifested through the grid street pattern and the construction of superblocks and pragmatic concrete towers as the building stock of the downtown area (Damluji, 2006). Le Corbusier’s principles in La Ville Radieuse influenced the planning of Abu Dhabi. These principles not only aimed to increase the urban capacity of the modern city but also advocated an improved urban environment and the efficiency of the “Modern” city (Le Corbusier, 1967). These design principles became models for architects planning Abu Dhabi, such as Katsuhiko Takahashi, one of the leaders in the creation of Abu Dhabi’s Master Plan in the 1960s, and a strong advocate of Le Corbusier (Montavon el al, 2006). The 1962 masterplan of Abu Dhabi located the industrial areas along with the power station, port, and desalination plant along the entrance to the East Creek. Later plans of Abu Dhabi from 1966 onward placed the industrial zones further east with a gridiron network of roads/zoning beginning to separate the different parts and activities of the city. The 1968 masterplan by Abdelrahamn Makhlouf onward shows that a shift in the main industrial area has materialized toward the desert hinterland, where it is currently located (Bani Hashim, 2018). Despite Abu Dhabi’s pragmatic gridiron plan, wide streets and block buildings in the main archipelago included several large gardens, such as Capital Park, Family Park, Dolphin Park, Geneve Garden, Al Mushrif Garden, Umm Al Emarat Park, and Khalidiyah Park. However, no such gardens were planned for Mussafah. Open spaces where workers gather for sporting activities are “informal” open areas, often used as cricket fields by the Indo-Pakistani community.
Ignoring labor housing’s much-needed urban infrastructure can lead to decline, as exemplified by the Pruitt–Igoe project, where economic/engineering decisions dictated a Modernist unified block design, eventually leading to decline and demolition (Modern Architecture’s Death in St Louis Missouri in 1972) (Bristol, 1991; Jencks, 1991; Mechlenborg, 2019; Perez et al., 2022). In the last decade, new policies and guidelines have been developed, aiming to improve the design and living conditions of workers. The upgrading of local amenities was part of the revitalization of public spaces to foster a sense of belonging to the community (Sahraiyan and Tümer, 2017). Abu Dhabi’s recent policies and investment in green areas and cultural institutions/spaces of gathering further changed the perception of residents living in a transit city to residents with a sense of belonging. Urban landscapes in Abu Dhabi are evolving in the form of jogging tracks and cycling paths along the Corniche and the Eastern Mangroves waterfront in addition to new parks such as the Al-Reem Park and the Al-Jubail Mangrove Park.
These new urban landscapes are part of the Abu Dhabi (2030) plan to promote healthier living and better adaptation to the environment manifested via green corridors and sustainable growth (Plan Abu Dhabi, 2030). In recent years, a strong drive has been raised for environmentally responsive landscape use of native plants (Hung and Peng, 2017). Municipal authorities are focusing more on water conservation landscapes in all government-funded projects. Abu Dhabi’s “Estidama” Pearl Rating system (PRS) further accentuates the ecological values of planting native or adaptive species by offering credit points for planting diversified types of species, including native and adaptive saline-tolerant species (Yagoub, 2014; Alam et al., 2017). The objective of this study is to highlight the importance of community gardens in low-cost housing in industrial neighborhoods as a tool to improve social cohesion and as a means of controlling sand movement in a desert environment, which has repercussions for urban integrity and public health.
2 MUSSAFAH—ABU DHABI’S INDUSTRIAL AREA
The Mussafah industrial area in the desert hinterland of Abu Dhabi, United Arab Emirates (UAE), represents an example where workers’ compounds have been built with functionality and pragmatism governing their design. This industrial city is essential to house the workers that support the large construction industry, which contributes about 9.4% (or about 23 billion USD) of the Emirate of Abu Dhabi’s GDP (Statista, 2021). The Mussafah area includes industrial zones with factories and workshops, as well as large workers’ camps where service laborers reside. The area is organized by zoning based on the type of industrial activity. Thus, placement of factories, small industries, car agencies, and maintenance workshops is organized according to zoning principles. The overall plan is dominated by a grid street pattern and a freeway that provides quick access to other regions and separates the industrial area from other, mostly residential-dominated areas. This grid street pattern is not only found in the Mussafah area but is also the dominant pattern of the city of Abu Dhabi as a whole. Mussafah’s industrial neighborhoods house many of the city’s blue-collar workers, taxi drivers, security guards, and other service sector employees. The large labor force in Abu Dhabi is segregated by activity in the form of construction workers living in Mussafah Sanaiya and service sector workers housed in Mussafah Shabiya (Connell and Burgess, 2011). The most prominent labor city in Mussafah Sanaiya is Industrial City Abu Dhabi or ICAD. Here, housing projects are in the form of large rectangular structures within a walled enclosure with recently introduced facilities, such as the ICAD mall (Figure 1A). The scale of the ICAD is massive and bears the same attributes of the low-cost/industrial housing projects.
[image: Figure 1]FIGURE 1 | Musaffah: (A) the Industrial City of Abu Dhabi (ICAD); (B) different generations of buildings displaying alternative façade treatments and localized gardens; (C) green walkways and jogging and cycling paths leading to bus stops and public transit hubs (photographs by authors).
The recent improvements in Mussafah Shabiya can be attributed to Abu Dhabi’s Executive Council, which began to develop a master plan for Mussafah in 2016 known as the Future Vision of Mussafah. This is part of a decade-long transformation of the broader area that included both labor housing projects and the whole industrial area (Dennehy, 2017). Mussafah’s developments included a new public garden, installation of light posts and security cameras, street names, enhancement of the transport network, and recreational spaces (Lovell et al., 2014). Older-generation buildings (ground floor + mezzanine +three floors) are being gradually replaced with better-built, taller building blocks (G + M+7; 27–30 m high), many of which include coffee shops, restaurants, and small fenced gardens in front. The conversion of ground floors of buildings into coffee shops surrounded by gardens and small fences (Figure 1B) occurred as a result of improving economic conditions in the broader area and the development of residential neighborhoods of Mussafah (Pasha et al., 2021). Developments by local municipalities led to upgrading the infrastructure in Mussafah, which encouraged the community to upgrade the existing building stock, which, in turn, led to better living conditions and an improved sense of collective ownership (Ng et al., 2011; El Amrousi et al., 2019).
Emerging urban landscapes with jogging tracks, trees, and cycling paths in Mussafah (Figure 1C) have created an urban ecological environment that supports residents’ health and well-being through venues for physical activity (Xiao et al., 2020; Afrin et al., 2021; Tan et al., 2021). They also assist in temperature amelioration, especially from the high 40°C temperatures experienced in summer, and provide the benefits of a healthier lifestyle and a sense of identity for the community (Anderson, 1977; Lin et al., 2018; Boros and Mahmoud, 2020; Olivetti, 2022). Introducing such landscape elements in industrial neighborhoods enhances public health and quality of life for its residents (Chiesura, 2004; Mekala et al., 2015). Furthermore, these elements improve outdoor and indoor air quality and reduce noise pollution (Hung and Peng, 2017). Among the challenges of the urban landscape is deciding on the optimal allotment and management of different land use alternatives and types of greenery (Keshtkaran, 2019). Exploring how urban landscape solutions can serve important social functions of communities is key to retaining sustainable urban areas and urban parks (Fernández Águeda, 2009; Lu et al., 2017). Creating new urban landscape patterns not only enhances the identity of urban space but also has the potential to reduce pollutants through filtration while also regulating microclimatic conditions (Wheeler, 2004; Taylor, 2007; Hall, 2008).
3 SANDSTORMS IN URBAN AREAS
Sand and dust storms are natural phenomena that occur on a large scale worldwide. They are active in drylands, which constitute about half of the world’s land area (Awadh, 2023). Sandstorms occur when unchecked, strong, or turbulent winds combine with exposed, dry, loose-soil surfaces. Sandstorms, which are common in semi-arid and arid regions, cause serious environmental problems as a result of strong dry wind blowing over the desert that raises and carries clouds of sand or dust (UNEP, WMO, UNCCD, 2016). It is important to minimize the impacts of sandstorms with early warning systems and regional cooperation. Sandstorms can be tracked using a combination of satellite imagery, ground monitoring observations, and numerical modeling. Dust emission increases over the Arabian Peninsula throughout the spring months as the surface dries, and the near-surface wind speed strengthens. In the United Arab Emirates, the sand dunes of the Rub’ al Khali sandy desert, notably in the Sabkha Matti, which extends from the Emirates into Saudi Arabia, provide a source of sand that sandblasts the surface to generate dust storms. In the UAE and Abu Dhabi, the Shamal winds blow from the northwest, as indicated in the wind rose diagram (Figure 2A) and generate dust and sandstorms throughout the year. The higher dust loadings are in late spring and fall (Francis et al., 2022), with the impact of the Shamal winds being more pronounced in urbanized areas (Ng et al., 2011 Kallos et al., 2014; Kallos and Qahtani, 2020). The impacts of sandstorms are more visible in urban areas where they can cause damage to infrastructure, interrupt transport and communication systems, and cause road traffic accidents. The effect of sandstorms and sand movement is especially visible in areas of affordable housing for lower-income communities, especially in industrial city sections such as Mussafah (Cakmak, 2014).
[image: Figure 2]FIGURE 2 | Study site and prevailing wind: (A) purple indicates the industrial areas in Mussafah; red indicates the mixed-use commercial–residential areas. It can be seen from the wind rose that the maximum wind speed is about 30 km/h approaching Mussafah from the WNW (Source: addata.gov.ae); (B) grid street pattern and superblock urban fabric in the Mussafah Shabiya area and prevailing wind direction (GoogleEarth).
Urban landscapes enhance the aesthetics of urban spaces in industrial neighborhoods and act as protective measures against sandstorms via natural elements, such as trees, shrubs, and vegetation that stabilize the soil. Protection measures include retaining diverse vegetation and minimizing soil or vegetation disturbance in areas where soil types are especially susceptible to wind erosion. When linked to urban landscaping and ameliorative measures, trees as shelterbelts are effective in reducing the impact of dust transportation. Their effectiveness depends on several factors, such as tree type, shape of their crown, spacing, and distancing. Along with trees, hedges bordering jogging tracks (Figure 1C) are effective in protecting the tracks from adverse climatic conditions, in particular sand movement (Abdegalieva and Zaykova, 2016). Windbreaks and shelterbelts deployed at the correct angles and covering sand dunes with mulch can reduce sand deposition in addition to reducing wind erosion in areas behind a fence (Middleton and Kang, 2017). Urban landscapes offer several windbreak options, such as linear arrangements of trees and shrubs around buildings and along roadsides. Furthermore, they offer venues of mitigation/adaptation and potential buffering against sandstorms (Yang and Wang, 2017). On a larger scale, sustaining landscapes are largely influenced by policymakers and urban planners via decisions intended to conserve natural resources and water-conserving irrigation technologies (Martin, 2008). Urban landscapes and community gardens are essential to improve public health and protect against sandstorms in industrial areas. Toward the latter goal, our study highlights the effect of fenced gardens in reducing the effect of sand pollution at the pedestrian level through mixed airflow and sand laboratory experiments. This study quantifies the amount of moved sand and the fence effect and highlights the important potential of garden fences to reduce sandstorm pollution effects in desert environments.
4 METHODOLOGY
The methodology involves a coupled air and sand experiment in an environmental wind tunnel. Figure 2 shows the study site along with the wind rose at the site. The maximum wind speed is about 30 km/h, and the prevailing wind approaches the study site from the west-north-west. At the pedestrian level, the wind speed can drop to 18–22 km/h. In designing the wind experiment, we simplified the complex random arrangement of the buildings in Mussafah into a uniform array of buildings (Figure 3A). Due to the dimensions of the wind tunnel, we assumed that the prevailing wind approaches the buildings from the west rather than the west-north-west.
[image: Figure 3]FIGURE 3 | Experimental setup: (A) block array arrangement; (B) environmental wind tunnel; (C) holes in the top acrylic sheet and plastic stoppers; (D) hotwire anemometer and data logger.
The experimental setup includes an environmental wind tunnel and a hotwire anemometer. The experiments were conducted in a wind tunnel designed, built, and calibrated at Abu Dhabi University. The wind tunnel is 8.4 m long and made from galvanized steel and acrylic panels. The cross section of the tunnel at the entrance is 2.4 × 2.4 m and reduces to 1.2 × 1.2 m at the test section via a funnel that has a length of 2.4 m and horizontal:vertical side slopes of 5:1. At the wind tunnel entrance, the bed was made rough, and a honeycomb was placed to ensure straightening of the air streamflow and the full development of the turbulent boundary layer. The test section is made from acrylic panels on both sides and the top for ease of monitoring. It has a length of 2.4 m and is 1.2 m from the wind tunnel exit. The top acrylic sheet of the test section has a total of 253 holes with a diameter of 2 cm, distributed at intervals of 10 cm along the transverse and longitudinal directions of the wind tunnel for data collection (Figure 3). The holes are closed with plastic stoppers that can be removed to insert a hotwire for velocity and airflow measurements. The holes in the top acrylic sheet are accessible via a wooden bridge over the test section. The floor of the wind tunnel was lined with 10 wooden platforms serving different purposes. Some of them were for placing and securing the building models or leveling the floor, while others served as sand feeders and sand traps. In the aerodynamic runs (with no sand), the sand feeder and sand trap platforms were flipped. All the wooden platforms sit flush with each other. Wind was generated at the entrance of the tunnel using four mounted industrial pedestal fans manufactured by IGMA. Each has a diameter of 0.76 m, a rating power of 290 W, and a maximum speed of 1,400 rpm. This corresponds to an airflow rate of 5.223 m3/s and an average velocity of 4.1 m/s. Air velocity was measured with a hotwire anemometer model SDL350 manufactured by EXTECH (Figure 3). The hotwire has a telescoping probe of a length of 1.5 m and diameter of 1.25 cm, which allows taking velocity measurements at various depths inside the wind tunnel. The data logger has a selectable data sampling rate of 1–3,600 s, with a built-in memory card that allows data to be stored and transferred to a computer in the form of an MS Excel file. The data logger reading range is 0.2–25 m/s with an accuracy of ±5 (Elhakeem et al., 2013).
Several experimental runs were conducted in the environmental wind tunnel (Figure 3) using physical models in the form of wooden blocks. The dimensions of the blocks were 10 × 10 × 25 cm. The spacing between the buildings was 15 cm in the longitudinal direction and 22 cm in the transverse direction (Figure 4). Two sets of experiments were conducted in the environmental wind tunnel. The first set involves aerodynamic experimental runs without sand. The aerodynamic experiments were conducted first to describe the airflow pattern around the blocks. They were followed by sand experiments to investigate the formation of sand patches around the blocks. Detailed velocity measurements were collected using a hotwire. Because of the symmetrical arrangement of the buildings along the y-axis (Figure 4), the measurements were taken only at half of the model section. Figure 4 shows a plan view of the locations where the velocity measurements were taken. Seven velocity measurements were taken at different heights at each location around the blocks to predict the velocity distribution at each elevation. Three velocity measurements were taken above the simulated buildings.
[image: Figure 4]FIGURE 4 | Plan view for the locations where the velocity measurements were taken. Note that the spacing in the x direction is 22 cm and the spacing in the y direction is 15 cm.
For the aerodynamic experimental runs, the proposed physical buildings were placed in the model section. Then, the fans were switched on at the full speed of 1,400 rpm, and detailed velocity measurements were collected in each run using the hotwire. To take the measurements at a desired location, the hotwire was inserted from the top through the holes in the top acrylic sheet. The readings were recorded at different heights, and the hotwire was then moved to the next location. The recorded measurements were stored in the digital anemometer’s memory card and later transferred to a computer. The procedure was the same for the sand experimental runs, where the proposed fences were placed in the model section, and a 2-cm layer of the experimental sand was placed in front of the buildings. Enough sand was placed to feed the model section as the runs were expected to last for several hours. Additional sand was added to the sediment feeder during the runs, if needed. The fans were switched on at the full speed of 1,400 rpm and ran until the sand patches around the buildings reached a quasi-equilibrium condition when their shapes no longer changed considerably. The duration of the runs was about 7–9 h to reach the equilibrium condition. Pictures were taken periodically during the run to record the sand patch patterns around the buildings and the fence. After completing each run, the fans were stopped, and the sand around the buildings and in the sediment trap downstream of the buildings was collected via a vacuum cleaner and weighed. The wind tunnel was cleaned of sand before the start of the next run.
5 RESULTS
In this section, the aerodynamic experiments are presented by first describing the airflow pattern around the buildings, followed by the sand experiments and the sand patches formed around the buildings. The different runs were conducted with a constant airflow rate of 7.462 m3/s and a mean air velocity of 5.86 m/s (21 km/h). This air velocity corresponds to the wind speed at the pedestrian level in the study site. Table 1 shows the collected velocity measurements around and above the blocks, while Figure 5 shows contour maps for the velocity distribution around the blocks at heights of 3.0 and 8.0 cm above the bed and above the buildings at heights of 27.0 and 40.0 cm above the bed. The pink squares in Figures 5A, B show the location of the simulated buildings in the wind tunnel testing section. These pink squares disappear in Figures 5C, D because the measurements were taken above the buildings. The figure shows high-velocity values between the building in the transverse direction and very low-velocity values in the airflow direction (Figures 5A, B). The low velocity is common in the wake region behind the buildings. Above the buildings, there is less variability in the velocity magnitude because there is no retarding effect from the buildings. As can be seen from the figures, a complex airflow pattern developed between buildings compared to the pattern formed above the building. One limitation to the aerodynamic results is that the flow in the wind tunnel is unidirectional, while, in reality, it changes with time. Therefore, although Figure 5 provides useful information about the airflow pattern around the building, the experimental airflow may deviate from the airflow on the physical site. Nonetheless, the model experiments have given a- better understanding of the airflow–structure (buildings) interaction.
TABLE 1 | Summary of the aerodynamic experimental results.
[image: Table 1][image: Figure 5]FIGURE 5 | Velocity distribution: (A) around the buildings 3.0 cm above the bed; (B) around the buildings 8.0 cm above the bed; (C) above the buildings 27.0 cm above the bed; (D) above the buildings 40.0 cm above the bed.
The sand experiments involve two experimental runs with uniform sand of a mean diameter of 0.17 mm to evaluate the amount of sand that accumulated around the buildings. The first run (SE1) was conducted with arrays of buildings of the same height. The second run (SE2) was conducted with the same arrays of buildings used in run SE1. However, a V-shaped fence with an angle of 90°, side length of 70 cm, and height of 5 cm was placed in front of the buildings in run SE2 (see Figure 7). Like the aerodynamic runs, the sand runs were conducted with a constant airflow rate of 7.462 m3/s and a mean air velocity of 5.86 m/s (21 km/h). The duration of the runs was about 7.0–9.0 h, when the sand patches around the buildings reached a quasi-equilibrium condition wherein their shapes did not change considerably with time. Figure 6 shows the sand patches developed around the buildings for run SE1. It can be seen from the figure that the sand was concentrated more between the last three rows of buildings. This can be attributed to the wake effect of each building on another. Adding the fence in run SE2 reduced the amounts of sand that accumulated between the buildings tremendously (Figure 7). Although the fence reduced the amount of sand that accumulated between the buildings, Figure 7 shows that much sand accumulated at the sides and in front of the fence. The -fence changed the sand distribution from areal pollution distributed over the entire area where the buildings are located into point pollution (i.e., strip pollution along the fence). The sand pollution can be easily collected from the fence.
[image: Figure 6]FIGURE 6 | Sand patches developed around the simulated buildings in different runs: (A) SE1 front-view; (B) SE1 sideview.
[image: Figure 7]FIGURE 7 | Experimental run SE2 with a fence in front of a simulated building: (A) experiment arrangement; (B) accumulated sand in front of the fence.
Table 2 summarizes the total amounts of sand accumulated in front, around, and behind the buildings for different runs and the amounts of sand in suspension that exited the wind tunnel. The total amount of sand used in each run was 5 kg. The table shows that 47.5% (2.38 kg) and 13.2% (0.66 kg) of total sand used in the experiments accumulated around the building for runs SE1 and SE2, respectively. This proves that the arrangement and spacing of the buildings were optimal and effective in minimizing the sand pollution around the buildings. Adding the fence in run SE2 provided the best results by reducing the amount of accumulated sand around the buildings to 13.2% compared to 47.5% in run SE1. The angled fence used in run SE2 increased the amount of sand that accumulated in front of the fence to 77.4% compared to 40.5% in run SE1. Thus, although the fence improved the environment around the buildings significantly, most probably it will affect the environment upstream of the buildings. The- fence changed the sand distribution from an areal pollution distributed over the entire area into a point pollution (i.e., strip pollution along the fence), which can be easily collected from the fence.
TABLE 2 | Summary of the sand accumulation experimental results.
[image: Table 2]Several sand transport models were developed from airflow over a flat bed; the measured sand transport rate has been compared to these models. Values for shear velocity used in these models were obtained from the approaching velocity (U) over a smooth flat plate as follows:
[image: image]
where f is the friction coefficient of the wooden platforms used in the experiments taking a value of 0.013. The critical shear velocity used in the models was obtained from Zanke (1982). Table 3 summarizes the measured values and the values obtained from different sand transport models. It can be seen that the models provide higher values than those measured in this study. The deviation can be attributed to the effects of the buildings.
TABLE 3 | Comparison between the measured sand transport rate and model prediction.
[image: Table 3]6 CONCLUSION
The impact of sandstorms on the integrity of buildings and the urban fabric of industrial neighborhoods in desert hinterlands is challenging. Throughout this research, we aimed to highlight the role of the urban landscape in improving the environment and reducing the effects of sandstorms in Mussafah. Local gardens and shaded jogging and cycling tracks in Mussafah have improved living conditions and offer a sense of belonging for multi-ethnic communities in an industrial neighborhood. Adding shrubs and green fences in front of the buildings provided the best results by reducing the amount of sand that accumulated around the buildings by almost 34% compared to a run with buildings of the same height and no fence. The fenced garden changed sand accumulation patterns from a non-point distribution over the entire area to strip pollution along the fence that is easier to deal with. Thus, the experiments indicated that it is possible to offer different scenarios for the layout of buildings and protect them through provisions such as small gardens and trees that create barriers and reduce the impact of sandstorms.
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