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3. [bookmark: _Toc152879705]Objectives
· Analyse the use of concrete in the construction of the Burj Khalifa, including the design, planning, construction method and sustainability factors which were included.
· Evaluate the properties of concrete, detailing the durability and climactic resistance and why it’s so important in construction.
· Compare the material against the similarly important material steel, describing the difference in the materials.
4. [bookmark: _Toc152879706] Introduction
With this record-breaking building being 2700ft with 160 habitable levels, taking 22-million-man hours to construct, and costing the whopping 1.5 billion, words struggle to describe the impressive nature of this ‘vertical city’, but would the structure be possible without the immense importance of concrete?
5. [bookmark: _Toc152879707]Burj Khalifa Method
[bookmark: _Toc152879708]5.1 Foundations
[image: Structural Details of Burj Khalifa - Concrete Grade and Foundations]Due to the extensive list of challenges which comes with constructing a building of this magnitude including the wind forces, earthquake challenges due to the location, climactic resistance due to the extreme heat, and sheer pressure of the building, the foundation planning had to be like no other. The genius design of architect Adrian Smith not only included Islamic culture featuring Saudi Arabia’s native desert flower, but it also included a structurally strong Y-shaped foundation plan which was adopted due to the ability to withstand wind pressure and seismic loads this floor plan also helps to bring in natural light and improve the aesthetics (Panwar, 2020). As a result of the poor existing ground conditions before the site was developed due to the hot, dry climate and proximity to water levels, this made existing challenges harder. With thick loose granular silty sands found it was likely this was underlined by weak sandstone, these factors combined meant that excavations were over 50m deep. The foundations included a large reinforced concrete mat (3.7 meters) which is supported by 194 reinforced concrete piles.Figure 1-Buttressed Hexagonal Core (Mathew, 2022)

[image: ]Concrete was heavily used due to the strength it provides but this structure had to develop a special high-density low permeability concrete to withstand the pressure of the building and many external factors. The concrete mix included using fly ash, Portland cement and local aggregates which provided a workable yet extremely dense concrete, including a high compressive strength of 150 MPa (Operaciones, n.d.). Because of the heat in the middle east, as concrete can be prone to cracking and creep, monitoring the 12,500-metre cubed of concrete which was poured into the steel rebar was a big factor. So, concrete was poured during the nighttime, and it was mixed with ice cubes so it didn’t set too quick. There was also extensive tests and measures in place, these included creep and shrinkage tests, a pumping simulation, heat of hydration analysis and durability tests (Abdelazaq, 2013).
[bookmark: _Toc152879709]5.2 Above Ground
The Burj was constructed using an asymmetrical spiral shape which was used to reduce the lateral forces as a result of the wind. As the structure features a wide base with narrowing, fluctuating wings (see figure 2) this helps improve the number of contact points whilst removing vortex shedding. This hexagonal core ran all the way to the top of the building using concrete, however, even despite the strength concrete provides, due to how tall and slender the core was, the walls were buttressed to reduce potential torsion. These buttressed walls not only structurally enhanced the building but internally they helped provide the corridors (Mathew, 2022). Figure 2- Buttressed Hexagonal Core (Mathew, 2022)

But, as concrete is weak in tension and, the concrete core has steel bars as reinforcement which can take a much greater tensile stress and provide the structure with great strength laterally. Due to the pumpability of concrete, this was used for the majority of the building, “At the construction site of the Burj Khalifa, the world’s tallest building, concrete was pumped to a record height of 606 meters” (Putzmeister, 2015). In order to complete this pump, the BSA 14000 SHP-D was specifically designed to fulfil the requirements which increased construction speed majorly and lead to one floor being able to be poured per week thus highlighting the potential of quick [image: ]construction times whilst done correctly. Interestingly, in this building the top 25% only uses steel. This is because the top of the building is allowed to bend by six feet, although presumably unusual, due to steel’s impressive ductility and resistance to tension it can easily take this sway (Mathew, 2022).  Once the main core of the building was in place, which took over 4 years, the exterior facades then began in January 2008, simultaneously with the interior design and installation of various systems. Finally on January 4, 2010, the Burj Khalifa was opened to the public and the 6 years’ worth of impressive work paid its spectacular prize, creating a building including 900 homes, a mall, swimming pools, 3000 parking spaces, gyms, the list goes on (Boulevard, n.d.)                                                Figure 3- Burj Khalifa Opening Ceremony January 2010 (Haider, 2010)

[bookmark: _Toc152879710]5.3 Social and Environmental Sustainability
Although this picturesque building made a huge positive impact to Dubai and its tourism, a building of this magnitude also comes with social and environmental controversy.
Socially, this building initially made a big, positive impact. The entire construction of the building produced over 12,000 jobs with people from all over the world working on the project. However, with a building this size the health and safety was always a huge concern and this was neglected during the 3 deaths in the construction phase of the Burj Khalifa, which was officially recorded from the owner Emaar Properties (Robinson, 2023), despite conflicting reports. Additionally, there have been deaths since the construction which have both been linked to suicide, which cast a great shadow over the building. Furthermore, despite the tourism benefits this building created it also was costly to many citizens of Dubai as this spiked the financial crisis which took place in 2008, which significantly affected Dubai, but works were still continued, and it led to much discrepancy as it was thought that the money could have been utilised more efficiently. Finally, with the huge number of workers on site and the financial crisis, this came to sacrifice their working conditions, wages, and living conditions as many conducted over 12-hour shifts in order to maintain the progress of the job as well as provide for their family despite earning as little as $4 per day (Migrant Rights, 2010). Although, the Burj Khalifa sparked Dubai into becoming the massive tourist destination it currently is it must not be forgotten the lives it sacrificed.
Environmentally, the skyscraper is considered one of the greenest skyscrapers, but still with a building of this height the demands and environmental biproducts are huge. Positively, the skyscraper includes factors which increase the sustainability. Firstly, due to the heat in the city, lots of condensation is produced and this is recycled by the air conditioning units and used to provide water to the garden complex. Additionally, due to the vast amount of sunlight Dubai receives the building is covered by solar panels in order to produce the majority of the electricity required. Water concern is a huge issue in Dubai with the scarcity of rainfall, in addition to the use of recycling condensation the skyscraper has efficient plumbing fixtures and irrigation systems, as well as rainwater harvesting. Still however, the building has an insufficient sewage system. With residents of the building using over 250,000 gallons of water per day, the existing sewage system which included using sewage trucks to dispose wastewater faced criticism for traffic congestion, pollution and the building’s long-term sustainability (Simple Stem, 2023).
6. [bookmark: _Toc152879711]Concrete
[bookmark: _Toc152879712]6.1 Use in the Burj Khalifa 
In summary, the overall use of concrete in the Burj Khalifa was enormous. With over 330,000 cubic meters used, weighing close to 100,000 elephants (Boulevard, n.d.) the Burj Khalifa highlighted the benefits of concrete but also the risks in managing and controlling the concrete in order to produce the great material it can be. In the Burj Khalifa, this was seen with the extreme testing measures required to enable the concrete to be poured to the required height. There was an onsite testing lab with extreme tests measuring the workability, permeability etc before the concrete was poured to ensure the concrete wouldn’t crack. Due to the temperature, there was a concern over blockages in the pump and this had the chance to cause huge delays but added measures were in place to control this as previously mentioned (Aldred, 2010, p.70). The Burj Khalifa highlighted the climactic resistance of concrete once formulated correctly, with in this instance its ability to add much needed fire and thermal properties to the building in order to improve health and safety and regulate temperatures to reduce the usage of air conditioning. The use of reinforced concrete provided greater strength to the building in dealing with external forces, improving the longevity greatly.
[bookmark: _Toc152879713]6.2- Production Process
[image: What is Cement and How it is Manufactured? - The Machine Design]Due to the popularity of concrete in the Middle East and the significant advances in the area, this material was an easy choice for the Burj Khalifa. The production process is broken up into many steps (see figure 4) and in some of these steps there are significant environmental impacts. During the extraction of raw materials e.g limestone & aggregates, there are required mining activities and during these activities there is a potential to cause habitat destruction, soil erosion and water pollution. As limestone is calcinated to produce lime, the kiln and clinker cooler system are used which consume large amounts of energy whilst additionally producing carbon dioxide, which contributes to global warming emissions. Water is also in important part of the process as it is required for mixing. The concrete mix in the Burj Khalifa incorporated a water/cement ratio of 0.34 (Baker et al, 2008, p5) which is relatively low in order to provide immense strength, but still due to the huge volume of concrete used, this water usage in the production process could strain local water resources and with the low availability of water in Dubai this issue would have been raised. Furthermore, as fly ash was used in the concrete mix to improve workability of the mix whilst reducing permeability, there was less cement used and as fly ash can be produced by coal-fired electric and steam generating plants it lowers carbon emissions and reduces energy consumption in the overall production process. With fly ash containing organic pollutants it has the potential to cause land contamination and groundwater risks so strict measures were in place for disposing and handling. Finally, once the cement is created it is then dispatched to the required site and during this process a typical high emissions lorry will be used for transport, but as the Burj Khalifa used local sources it was unlikely that this transport produced great harm. Overall, the concrete production process has many stages which can produce emissions, pollution, & contamination, however, there are several ways in which this can be controlled. For example, by using the local sources like the Burj Khalifa did, using cleaner technologies, efficient use of concrete to minimise waste and the recycling of waste produced, incorporating eco-friendly aggregates and by using sustainable transport which will likely increase in future years with electric lorries etc on the horizon. These combined make the future of concrete production look both greener and positive.[bookmark: _Toc152800255][bookmark: _Toc152840859][bookmark: _Toc152841006]Figure 4-Concrete production process (Admin, 2020)

7. [bookmark: _Toc152879714]Concrete vs Steel  
Whilst concrete is used enormously in construction as a framing material, steel is equally as popular. Overall, the choice between the materials ultimately depends on the structural requirements of the project, cost factors, flexibility in design and overall objective. 
The properties and comparison between steel and concrete can be summarised in the following table.
[bookmark: _Toc152842757]Table 1- Steel vs Concrete- Adapted using https://buildings-uk.com/steel-vs-concrete-buildings/ & background knowledge (Buildings UK, n.d.)
	Steel
	Concrete

	High strength/weight ratio
	Lower strength/weight ratio

	Lightweight- Heavy foundation not required
	Heavy foundation required

	Fast construction time, can be prefabricated off-site
	Increased construction time

	No thermal properties- needs fire resistant coatings added- can be costly
	Thermal properties

	No formwork required
	Formwork required

	Easily assembled & disassembled and flexible to changes
	Requires demolition/patching 

	High tensile strength
	Low tensile strength

	Lower labour costs- but requires high skill labour
	Increased labour costs

	More expensive- with fire protection, & maintenance required- can be costly
	Cheaper- little/no maintenance required

	Fully recyclable
	Can be recycled for use as an aggregate

	Ductile
	Brittle

	Produced in factory so has high consistency
	Can be produced on site but can have poor quality control. With the wrong mix/drying of the mix- can be prone to creep/shrinkage/formwork errors.

	Implementation dependant on wind
	Implementation dependant on temperature, humidity, rainfall



Despite both materials being frequently used there are key differences as highlighted in table 1. The key differences and advantages to steel being its ductility and strength in tension. According to Oxford Languages, ductile is the “ability of a metal to be drawn into a thin wire without deformation and losing toughness”. The importance of this is clear as a framing material in construction, as steel is an elastic material it can deform under stress but also return to its original shape, therefore, engineers can design structures which can undergo some deformation before, and the warning signs of this behaviour is clear which improves the safety of the building. 
[image: ]
[bookmark: _Toc152841007]Figure 5- Stress/Strain Curve Concrete vs Steel (Divedi, n.d.)
As shown in figure 5, the elastic range is much greater in steel. At the yield point where the steel line dips is where steel is converted from the elastic to plastic range which summarises its potential to deform whilst maintaining strength. Whereas, in concrete the elastic limit is a lot shorter and with greater stress the breaking point is much shorter and sudden. As a framing material this is important because concrete doesn’t show signs of warnings before failure such as yielding in steel, therefore, if the structure fails it is much more sudden and disastrous which is a safety concern. 
Steel is similarly more beneficial in its use to building services provisions and adaptability. Steel’s ductility and better strength/weight ratio creates more open building’s which creates more space for works to be taken. However, with concrete structures it is more difficult to create changes or penetrations for building services once the building is already in place, so the planning of all building services required must be a lot more thorough when building with concrete frame. Furthermore, with steel’s lightweight, foundations of buildings tend to be simpler and more unique designs can be created due to the improved flexibility. Reiterating from Table 1, steel frame construction time is also much improved with prefabrication being available offsite meaning that this with this improved time, there can be more time to complete building services etc in a tight schedule. Overall environmental differences vary between the materials with steel production generally having higher energy demands with the use of a blast furnace, carbon dioxide and toxic chemicals are released to the environment. Both materials aren’t fully renewable, and this production process is the challenge of future engineers to achieve net zero aims as steel and concrete currently produce 10-12% of global greenhouse emissions in the industry (Orsini, 2019). 
Finally, due to the differences between the materials and the big advantages to using both these materials are often used in combination. With many buildings using reinforced concrete such as the Burj Khalifa, it is the ideal way to combine the compressive forces of concrete along with the tensile advantages of steel (Hamakareem, n.d.). This reinforcement provides shear resistance, high resistance to large lateral loads, and huge strength in compression providing a solid building which can last up to 100 years. 
8. [bookmark: _Toc152879715] Summary
In summary, it is clear the advantages of both steel and concrete in modern construction. With both being used in combination in projects such as the Burj Khalifa it is easy to see the differences between the materials and the advantages they bring separately. It is difficult to pick one material as superior to the other as they both have separate properties and can be used in separate ways. Choosing between these materials is highly dependent on requirements of projects, environmental factors, flexibility of design, program and budget restraints, all summarised in Table 1. The Burj Khalifa highlighted the impressive use of concrete in its construction whilst also the importance of steel providing the ductility to the structure. The Burj Khalifa also highlighted the social and environmental controversies with producing a building of that magnitude in that specific area, but also the positive impact it made in transforming Dubai and modern construction of skyscrapers. 
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