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[bookmark: _Hlk89428567]ABSTRACT
[bookmark: _Hlk89211566]
The material characteristic and environmental compatibility of the steel framed Empire State Building and concrete framed Burj Khalifa was examined. Further explaining the relationships and compatibility that the structural materials have with the climate on-site. This paper builds on the durability, climate resistance, workability, and accessibility of these materials. In addition, the production process of steel and concrete and their effects on the environment were discussed. The impacts of both social and environmentally sustainable activities incorporated, both during and after the completion of each building were identified. Within this paper, the construction methods, history, original design, and planning were discussed to give further incite on each building. The information produced was achieved by extensive research, using historical websites, journals, articles, books, and news reports. 
Results show that both materials can withstand climate conditions once maintained and engineered specifically to adapt to the surroundings. Workability and accessibility vary between both materials concerning each building. Each material can conform to a shape needed for the architecture, however, with accessibility steel is more expensive to transport. The Burj Khalifa and the Empire State building have found ways to go green because the production process of the construction materials would have added to the pollution of the earth. Each building was created uniquely, The Empire State Building was envisioned through the image of a pencil, while the Burj Khalifa was a spider lily flower. These incredible structures continue to attract positive attention to this day. 





1. [bookmark: _Hlk88956030]INTRODUCTION

1.1 Purpose
· To evaluate the material characteristics along with the environmental relationship and compatibility of the materials used to construct the concrete framed Burj Khalifa and the steel framed Empire State Building. 

1.2 Background

1.2.1.  The History & Original Design and Planning
The tallest concrete framed building in the world the Burj Khalifa according to (Abdelrazaq, 2010, p. 1) is a 460,000-m2 multi-use construction. It is 828 meters into the sky and has more than 160 levels. It is located within Dubai's major commercial centre, on the shoreline of the United Arab Emirates. The construction phase of the Burj Khalifa began January 6th, 2004 and launched on January 4th, 2010. (The Editors of Encyclopaedia Britannica, 2021) stated that The Burj Khalifa was named after Sheikh Khalifah ibn Zyid l Nahyan, President of the neighbouring emirate of Abu Dhabi.
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[bookmark: _Hlk89202776][bookmark: _Hlk89428586][bookmark: _Hlk88956048]The foundation plan of the building poses a distinct ‘Y’ shape. The building incorporates a three-lobed footprint, which is an abstraction of the Hymenocallis flower. The construction has setbacks along each of its three wings giving it an intrinsically stable layout. As the tower spirals upward, the cross-section of the tower is gradually reduced by 26 helical levels stated by (Architectural, Construction & Building Design, 2021). The building design seems to have incorporated the first dimension of biophilic designs which includes an organic shape and form that resembles aspects of nature, in this case, the desert flower. 
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[bookmark: _Hlk89202791] (Abdelrazaq, 2010, p. 1) explains that the Burj Khalifa's tower superstructure is built as an entirely reinforced concrete construction with high-strength concrete from the foundation level to level 156 and is topped with a structural steel braced frame from level 156 to the tower's tallest point. The breadth and form of the structure decreases as it spirals towards the sky, diminishing wind dynamic effects, movement, and acceleration. 
[bookmark: _Hlk88956063][bookmark: _Hlk89428621][image: Diagram
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[bookmark: _Hlk88955539]A considerable number of concrete tests and quality control measures were set to ensure the structural integrity of the building. (The Constructor, 2017) identifies that high-performance concrete used in the construction of the Burj Khalifa ensured minimal permeability and long-term durability. 
[bookmark: _Hlk89202814][image: Table
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[bookmark: _Hlk88963129]	The Empire State Building in Manhattan, New York City is a steel-framed structure designed by Shreve, Lamb & Harmon Associates. The construction started on March 17th, 1930and completed on May 1st, 1931. The skyscraper was the tallest building in 1931 with 102 levels until 1971. (Yousuf, 2020) says the current height is 1,454 feet (443 m) when the antenna was replaced in 1985. The structure is one of the finest specimens of Modernist Art Deco architecture. 
	(Muscato, 2010) helps us understand that Art Deco is a design style that existed between about 1920 and 1939. The style experimented with contemporary materials like steel and plate glass, in addition to, incorporating parts of architectural styles from throughout the world. The Art Deco style is distinguished by a substantial percentage of decoration, typically in brilliant, metallic hues, zigzags, and other designs. 
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[bookmark: _Hlk89428647][bookmark: _Hlk88963153][bookmark: _Hlk88956084][bookmark: _Hlk89202829]	 The structural plan began when William Lamb used a pencil as inspiration for the Empire State Building. (Thought.Co, 2018) explains that the idea was to have vertical circulation, bathrooms, shafts, and hallways all housed in a precise space placed as compactly as possible with a 28-ft-deep border of office space. There is a non-rentable space pyramid encircled by a larger rentable space pyramid. In addition to this, a dirigible mooring mast was included in the design. 
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[bookmark: _Hlk89202849]
[bookmark: _Hlk89428659]1.2.2.  Construction Method
	 (The Constructor, 2017) says that a Buttressed Core System was incorporated with each wing buttresses the other via a hexagonal central core. The construction of high-performance concrete walls is intended to withstand wind forces and other similar factors. The centre core provides greater resilience to torsional resistance. Corridor walls go from the central core to the wing's end. Finally, these walls are thickened by hammer walls. These walls withstand wind shears and moments by functioning like the web and beam flanges. Outrigger walls create a link between the perimeter columns and the mechanical levels. 
[bookmark: _Hlk88963170]	(Ryan, 2009) addressed that The Empire State Building was built utilizing innovative technologies at the time. A massive concrete base was built to support the weight of the building's steel framework. All the steel components were prefabricated, meaning they were made in a steel plant and delivered to the building site. The components were made to accurate sizes within a 2mm accuracy and prepared to be bolted together or riveted together. The pieces were transported and positioned in the framework as part of the building's construction. Once the steel structure was in place, it was completed with a stone exterior layer.
[bookmark: _Hlk89202863]

2. ANALYSIS, DATA PRESENTATION & DISCUSSION

2.1 Durability and Climatic resistance 

 TABLE SHOWING CHARACTISTICS OF CONCRETE AND STEEL AS FRAMING MATERIALS
	Characteristics of concrete
	Characteristics of steel

	· Durability 
· Fire resistance
· Compressive strength
· Porosity & density
· Low thermal expansion rates in elevated temperatures
	· High strength and lighter than concrete
· Durable
· Flexible & Ductility
· Corrosion-resistant with protection
· Recyclable & easy to dismantle
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[bookmark: _Hlk89428689][bookmark: _Hlk89202876]This graph shows that Dubai experiences both extremely hot and cool temperatures. Concrete reacts to these hot temperatures by expanding. The expansion is typically small, nevertheless, it is subject to cracking. In the event of a fire, concrete’s advantage is its good fire resistance. (The Constructor, 2017) explains that the concrete pouring was done at night when it was cooler. To achieve the correct temperature, ice was added to the mixture. Fly ash, Portland cement, and local aggregates were utilized in the C80 and C60 cube strength concrete. The C80 concrete is stated to have a young's modulus of 43800N/mm2. 
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[bookmark: _Hlk89202890][bookmark: _Hlk89428702]	In contrast to Dubai, the temperatures are mostly cool or cold except during the summer as shown. (McMullan, 1988, p.15) explains that solid steel has a coefficient of linear expansion of 12 X 10-6; Co., which implies that with every degree of temperature rise, a steel bar expands in length by 12/1000000. Specific types of steel may become brittle under certain temperatures. (Paul Marks, 2008) says that at around -30 o C, inexpensive, unalloyed steel usually becomes brittle. On the other hand, the Empire state building was built with stainless aluminium steel. The choice is suitable because it can endure temperatures up to -45° C (49o F) however, concrete steel needs fire protection, which may be in the form of thermal or absorptive fire protection. 
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[bookmark: _Hlk89202906]Humidity levels in Dubai are on the oppressive and miserable side as shown in (Figure 8). The porous nature results in moisture seeping through the pores. If liquids were to enter these joints, the concrete and any unprotected reinforcement steel can be damaged. According to (Abdelrazaq, 2010, p. 6) the W / C ratio tests, rapid chloride permeability test, a durability test, initial surface absorption, and a 30-minute absorption test were conducted. These were performed to confirm curing plans that were suitable for the project. 
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[bookmark: _Hlk89428740][bookmark: _Hlk89202917]	Opposite to Dubai, the humidity level within New York is mostly dry and increases around April to November. The climate within this area would not pose a significant threat to the structure because stainless steel is resistant to corrosion. 
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[bookmark: _Hlk89202929]	The highest average wind speed in Dubai can be categorized as gusty. Meanwhile, in recent years, the greatest sustained wind speed has hit 48 mph according to (Weather2, 2021). Concrete density and strength with proper reinforcement will be able to manage such extreme wind speeds. Seeing that the Burj Khalifa was strategically engineered to withstand this speed, it can remain resistant to these forces.
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[bookmark: _Hlk89202944][bookmark: _Hlk89428766][bookmark: _Hlk89173095][bookmark: _Hlk89202959]	Similarly, New York's highest average wind speed can also be categorized as gusty. Nevertheless, the speeds can reach as high as 68 mph according to (NYup.com, 2020). The taller the frame the more susceptible it is to swaying and deformation from oncoming wind, unlike concrete. To stabilize steel frames more attachments such as bolting, and welding are made for bracing. 

2.2 Environmental Impacts due to Materials Original Production and Process
[bookmark: _Hlk89727850](Lyons, 2014, p.98) explains the production process as:
· Concrete is mixed with cement, aggregates, and water, along with any additives that may alter the placement and curing processes or the final physical qualities.
· Cement being a major component must undergo its process. (Lyons, 2014, p.85) explains that limestone, shale, and sand are processed into fine powders and combined to make dry meal, which is held in silos.
· This is routed through a succession of cyclones, firstly using recovered kiln gases to warm it to 750°C, then with extra fuel to percaline at 900°C before being routed into a fast-rotating 60 m kiln for the clinker at 1450°C. This is called the dry process.
The combined production of carbon dioxide expelled into the atmosphere from fuel and the required decarbonization of the limestone accounts for 7.5% globally. Since concrete is used worldwide, the C02 emission will continue to contribute to global warming. 

The main constituent to produce structural steel is raw iron, however, it is rarely found pure in nature. It includes carbon in an excessively high proportion. Therefore, some carbon must be removed. Steel manufacturing has a variety of environmental effects, including air, wastewater pollutants, and hazardous materials. The burning of coking in iron making has the greatest environmental effect from steel plants according to (Greenspec, 2021). The graphs shown below proves that the main energy utilized to create steel and concrete is coal. Once coal is being burnt continuously, there would be large levels of carbon emissions. 
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2.2.1. Potential impacts in consideration of social and environmental sustainability
	Social and environmental sustainability promotes comfortable wellbeing for future generations. 
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During the construction process, only one person died, however, following completion, there were several suicides, which indicates poor health and safety regulations. (Human Rights Watch, 2006) confirms that accidents and deaths are poorly reported in the UAE. The construction of the Empire State Building took five lives. The picture below indicates that there was no consideration for health and safety. 
[bookmark: _Hlk89428785][bookmark: _Hlk89202980][image: A picture containing text
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The Burj Khalifa houses a mix of commercial, general/luxurious housing, and recreational operations. These aspects open opportunities for jobs, increase tourism and encourage foreign businesses to invest in commercial spaces. There are corporate businesses found in the Empire State Building which encourages increased economic activity and services. (Andrews, 2018) says that the building is famous for featuring in the 1933 movie “King Kong.” The building aesthetic and involvement with the popular movie promotes tourism. 
Negative Environmental impacts include: 
· Environmental Pollution
· Habitat destruction 

 	 Burj Khalifa and The Empire State Building would have contributed negative environmental impacts such as noise, air pollution, and possibly habitat displacement when clearing the site. Production of the framing material would have added to the CO2 and carcinogenic organic compounds worldwide. (GCCA, 2019) comments that cement supplies an approximate 85% – 90% to concrete’s carbon footprint meanwhile (The World Counts, 2021) says that carbon emissions for steel reaches 3.3 million tons annually. The Burj Khalifa is one of the greenest buildings, using solar panels to generate heating for water and recycling condensate water from the air conditioning units as potable water and landscaping use according to (Innovation & Tech Today, 2020). (Kaplan, 2021) explains that the Empire State Building runs off renewable energy due to deep carbon reconstruct, cutting CO2 emissions by 40%.

3. Materials Workability and Accessibility
Steel and concrete display characteristics of being very workable. Steel is light, flexible, and can be prefabricated to accommodate curved construction, meanwhile, concrete is mixed and forms any shape when poured into place. Concrete may be accessible from any hardware store; however, steel is very lightweight but expensive to transport. Modification of concrete is much more difficult than steel due to its nature. The property of steel makes it much easier to maintain than concrete which has substandard quality control. 
The Empire State Building received its steel from Pittsburgh’s U.S. Steel according to (Conway, 2020). They were shipped directly from Pittsburgh to the site while allocating cement for the Burj Khalifa was easier due to local concrete markets. 


4. CONCLUSION

The material characteristics of the Burj Khalifa and the Empire State Building were evaluated where different elements of construction played a significant role in the structural integrity of the building. Similarly, concrete and steel react to heat by expanding hence, they thrived in moderately cool climates to avoid structural damage. Stainless steel is easier to maintain in humid environments than concrete as it does not react with wate. Excess water in concrete creates air spaces between the aggregate when evaporated, weakening the concrete. Steel can be reinforced by connections such as welding while concrete can utilize reinforced steel for additional stabilization. Working with concrete is more labour intensive and has higher labour cost, compared to, steel which is faster and easily assembled, unless the structure relies on beam to column connections. Furthermore, the transportation of steel can be expensive and difficult to access, however, concrete and its components are more easily transported. Steel has high strength, is relativity light, exceptionally durable, flexible, ductile, and recyclable whereas concrete has high strength, is heavier, less durable when exposed to the elements, not flexible or ductile and is generally not recycled. Comparatively, production of both materials contribute negatively to the environment as high CO² emissions and hazardous waste materials are the main dangers. Both buildings have implemented sustainable measures to help mitigate these negatives such as the use of renewable energy in the Empire State Building and water recycling in the Burj Khalifa. The outstanding benefits of steel and concrete will allow them to continue to dominate the construction world for the near future.


5. BIBLIOGRAPHY
Abdelrazaq, A. (2010). Design and Construction Planning of the Burj Khalifa, Dubai, UAE. pp.1–2. Available at: https://silo.tips/download/design-and-construction-planning-of-the-burj-khalifa-dubai-uae [Accessed 28 Nov. 2021].
Andrews, E. (2018). 10 Surprising Facts About the Empire State Building. HISTORY. Available at: https://www.history.com/news/10-surprising-facts-about-the-empire-state-building [Accessed 30 Nov. 2021].
Conway, B. (2020). The Empire State Building is anchored by Pittsburgh steel. Very Local. Available at: https://www.verylocal.com/carrie-furnace-empire-state-building/4730/ [Accessed 1 Dec. 2021].
EMAAR (2020). Architectural, Construction & Building Design| Burj Khalifa. www.burjkhalifa.ae. Available at: https://www.burjkhalifa.ae/en/the-tower/design-construction/index.aspx [Accessed 28 Nov. 2021].
GCCA (2019). GCCA Sustainability Guidelines for the monitoring and reporting of CO2 emissions from cement manufacturing. Global Cement and Concrete Association. Available at: https://gccassociation.org/sustainability-innovation/sustainability-charter-and-guidelines/ [Accessed 30 Nov. 2021].
Greenspec (2021). Steel production & environmental impact. www.greenspec.co.uk. Available at: https://www.greenspec.co.uk/building-design/steel-products-and-environmental-impact/ [Accessed 28 Nov. 2021].
Heller, C. (2015). When the Empire State Building Was Just an Architect’s Sketch. [online] Smithsonian Magazine. Available at: https://www.smithsonianmag.com/us-history/empire-state-building-1929-31-180957195/ [Accessed 28 Nov. 2021].
Human Rights Watch (2006). Building Towers, Cheating Workers | Exploitation of Migrant Construction Workers in the United Arab Emirates. Human Rights Watch. Available at: https://www.hrw.org/report/2006/11/11/building-towers-cheating-workers/exploitation-migrant-construction-workers-united [Accessed 29 Nov. 2021].
Innovation & Tech Today (2020). The Burj Khalifa Isn’t Just the Tallest Building in the World – It’s Also One of the Greenest. Grit Daily News. Available at: https://gritdaily.com/the-burj-khalifa-isnt-just-the-tallest-building-in-the-world-its-also-one-of-the-greenest/ [Accessed 30 Nov. 2021].
Kaplan, S. (2021). The Empire State Building and its related buildings are now powered by wind. The Washington Post. Available at: https://www.washingtonpost.com/climate-solutions/2021/02/03/climate-empire-state-wind/ [Accessed 30 Nov. 2021].
Lyons, A. (2014). MATERIALS FOR ARCHITECTS AND BUILDERS. 5th ed. 2 Park Square, Milton Park, Abingdon, Oxon OX14 4RN: Routledge, p.98.
McMullan, R. (1988). Environmental Science in Building. 4th ed. Houndmills, Basingstoke, Hampshire RG21 6XS and London: MACMILLAN PRESS LTD, p.15. Available at: https://pdfcoffee.com/environmental-science-in-buildingpdf-pdf-free.html [Accessed 15 Nov. 2021].
Necharte (2013). Hymenocallis. Mega Structures. Available at: https://nicolasecharte.wordpress.com/tag/hymenocallis/ [Accessed 28 Nov. 2021].
NYup.com (2020). Wind gusts hit 68 mph in Upstate NY: See how strong they were by you (chart). New York upstate. Available at: https://www.newyorkupstate.com/weather/2020/10/wind-gusts-hit-68-mph-in-upstate-ny-see-how-strong-they-were-by-you-chart.html [Accessed 29 Nov. 2021].
Paul Marks (2008). “Fibrous” steel won’t break in a cold snap. New Scientist. Available at: https://www.newscientist.com/article/dn13962-fibrous-steel-wont-break-in-a-cold-snap/ [Accessed 28 Nov. 2021].
Portland's Cement Association (2019). Durability. www.cement.org. Available at: https://www.cement.org/learn/concrete-technology/durability#:~:text=Durability%20of%20concrete%20may%20be [Accessed 28 Nov. 2021].
Roberts, S. (2017). Snaps show the dangerous conditions for workers labouring on the Empire State Building. The Sun. Available at: https://www.thesun.co.uk/living/3456414/empire-state-building-construction-workers-photography/ [Accessed 30 Nov. 2021].
Vuuren, D. et al (2016). Long-term model-based projections of energy use and CO2 emissions from the global steel and cement industries. Resources, Conservation and Recycling, 112, pp.15–36. Available at: https://www.researchgate.net/figure/CO2-emissions-from-steel-and-cement-production-energy-use-and-cement-process-emissions_fig12_302061863 [Accessed 6 Dec. 2021].
Ryan, V. (2009). The Empire State Building. technologystudent.com. Available at: https://technologystudent.com/culture1/empire1.htm#:~:text=In%20its%20day%2C%20the%20Empire [Accessed 28 Nov. 2021].
Muscato, C. (2010). Empire State Building Architecture Style | Study.com. [online] Study.com. Available at: https://study.com/academy/lesson/empire-state-building-architecture-style.html [Accessed 28 Nov. 2021].
The Constructor (2017). Structural Details of Burj Khalifa - Concrete Grade and Foundations. The Constructor. Available at: https://theconstructor.org/structures/structural-details-burj-khalifa-concrete-grade-foundations/20512/.
The Editors of Encyclopaedia Britannica (2019). Burj Khalifa | skyscraper, Dubai, United Arab Emirates | Britannica. In: Encyclopædia Britannica. Available at: https://www.britannica.com/topic/Burj-Khalifa.
The World Counts (2021). The World Counts. www.theworldcounts.com. Available at: https://www.theworldcounts.com/challenges/planet-earth/mining/environmental-impact-of-steel-production/story [Accessed 30 Nov. 2021].
Thought.Co (2018). How Did the Empire State Building Get Built? ThoughtCo. Available at: https://www.thoughtco.com/the-empire-state-building-1779281 [Accessed 28 Nov. 2021].
Valadi, S. (2012). New York - Manhattan - South Street Seaport. Flickr. Available at: https://www.flickr.com/photos/132084522@N05/ [Accessed 28 Nov. 2021].
Weather Spark (2019). Average Weather in New York City, New York, United States, Year-round - Weather Spark. Weatherspark.com. Available at: https://weatherspark.com/y/23912/Average-Weather-in-New-York-City-New-York-United-States-Year-Round [Accessed 28 Nov. 2021].
Weather Spark (2021). Dubai 2021 past Weather (United Arab Emirates) - Weather Spark. weatherspark.com. Available at: https://weatherspark.com/h/y/105470/2021/Historical-Weather-during-2021-in-Dubai-United-Arab-Emirates#Figures-Summary [Accessed 28 Nov. 2021].
Weather2 (2021). November Climate History for Dubai | Local | United Arab Emirates. Myweather2.com. Available at: https://www.myweather2.com/City-Town/United-Arab-Emirates/Dubai/climate-profile.aspx [Accessed 29 Nov. 2021].
Yousuf, I. (2020). Empire State Building | Measurements & Facts | Britannica. In: Encyclopædia Britannica. Available at: https://www.britannica.com/topic/Empire-State-Building.

image5.png
Figure 2. Image showing the Hymenocallis flower.

Necharte (2013). Hymenocallis. Mega Structures. Available at: https://nicolasecharte.wordpress.com/tag/hymenocallis/ [Accessed 28
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Figure 3. showing the ‘Y’ shaped modular design of the building
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TABLE SHOWING THE CONSTRUCTION TIMELINE OF THE BURJ KHALIFA

Date Progression

January 2004 The beginning of excavation

February 2004 Piling Commenced

March 2005 Commencement of substruction

June 2006 Reached level 50

January 2007 Level 100 reached

March 2007 Reached level 110

April 2007 Reached level 120

May 2007 Reached level 130

July 2007 Became world’s tallest building at level 141

September 2007 Is now the world’s tallest free-standing
structure at level 150

April 2008 World’s tallest manufactured structure at
level 160

January 2009 Spine completed

September 2009 Cladding of the exterior completed

January 2010 Day of official launch ceremony

EMAAR (2020). Architectural,

Construction

& Building

Design| Burj Khalifa. www.burjkhalifa.ae. Available at:
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Figure 4. Showing an Image of a steel framed building (The Empire State Building)

Valadi, S. (2012). New York - Manhattan - South Street Seaport. Flickr. Available at: https://www.flickr.com/photos/132084522@N05/
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Figure 5. Showing an Architectural sketch of the Empire State Building

Heller, C. (2015). When the Empire State Building Was Just an Architect’s Sketch. Smithsonian Magazine. Available at:
hitps://www.smithsonianmag.com/us-history/empire-state-building-1929-31-180957195/ [Accessed 28 Nov. 2021].
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Figure 6. Weather Spark (2021). Dubai 2021 past Weather (United Arab Emirates) - Weather Spark. weatherspark.com. Available at:
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‘Weatherspark.com. Available at: https://weatherspark.com/y/23912/Average-Weather-in-New-York-City-New-Y ork-United-States-
Year-Round [Accessed 28 Nov. 2021].
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Figure 12. Vuured D. et al (2016). Long-term model-based projections of energy use and CO2 emissions from the global steel and cement
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Figure 13. Vuuren, D. et al (2016). Long-term model-based projections of energy use and CO2 emissions from the global steel and cement
industries. Resources, Conservation and Recycling, 112, pp.15-36. Available at: https://www.tesearchgate.net/figure/CO2-emissions-from-
steel-and-cement-production-energy-use-and-cement-process-emissions_fig12_302061863 [Accessed 6 Dec. 2021]
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Figure 14. Image of Steelwork with no PPE at the edge of the building
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Figure 1. An image of the Burj Khalifa
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