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Summary.
Throughout my assignment I will demonstrate my research on two various types of structures; which contain a Prefabricated Steel Frame and a Reinforced Concrete Frame. I will describe the characteristics of each individual material used, the production process relating to the environmental impact, the design of each building, durability, climate resistance, the impact it has had on the built environment, the constructive adaptations and suitable progressions for sustainable options; which are or can be applied to each structure to improve the economics, adaptations of the life cycle and improvements to the carbon footprint. 
Introduction.
I have selected two high rise structures; which I will compare, contrast, describe and illustrate, due to the impressive architectural design and structural engineering that was used to develop them.
The Sears Tower (Willis Tower) 1973:[image: C:\Users\Gethin\AppData\Local\Microsoft\Windows\Temporary Internet Files\Content.IE5\FUPXXOG1\IMG_8092.jpg]


 
     

(Chicago Architectural 
Foundation, 2002, p.24).




The Burj Khalifa 2010.
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(Choppershoot, 2009) 
Frome close examination I selected these specific structures due to the constructive development of the Sears Tower a (Prefabricated Steel Frame) into the tallest building in the world, The Burj Khalifa a (Reinforced Concrete Frame). The two different methods used to construct these buildings took a massive amount of manpower, planning and cost; which has inspired me to analyse them further.



The Sears Tower.
From close examination of the Sears Tower I have developed an understanding of how the building was designed and structured, between the ground breaking and the completion of it during (1970-1973). Here are the facts and statistics of the Structure:
“Architect/ Engineer: Skidmore, Owings & Merrill.
Cost: $175 million.
Size of Site: 3 acres, bounded by Adams and Franklin Streets, Jackson Boulevard, and Wacker Drive.
Total Area: 440 million square feet, surpassed only by the Pentagon.
Number of stories: 110
Largest floors: 1 through 49, each approximately 50,000 square feet.
Foundations: 114 concrete piles sunk an average of 100 feet and into limestone bedrock.
Structure and materials: bundled-tube construction with steel, concrete, anodized aluminium, and bronze tinted glass.
Number of elevators: 104, including 14 double-deckers that carry passengers to the sky lobbies on the 33rd and 34th and 66th and 67th floors, where people can then transfer to local elevators.
Weekday population: approximately 16,500 people work in Sears Tower daily.
Skydeck: located on 103rd floor with a total area of 11,000 square feet and views of four states: Illinois, Indiana, Wisconsin, Michigan.
Window cleaning: 6 roof-mounted robotic window washing machines clean the Tower’s 16,100 windows.” (Chicago Architectural Foundation, 2002, p.5).
“The Sears Tower is (442m) high when completed in 1973 and became taller than the Twin Towers; which was (417m) high; which became the tallest building in the world until 1998.” (Mega Structures-Willis Tower, Sears Tower, National Geographic Documentary 2015).
Design Planning and Building Process of the Sears Tower. 
The Sears Tower was designed by SOM and needed to be economically efficient, “To admirers and followers at SOM this meant less structural steel and less materials of all kinds, an aesthetic, to be sure, but also a means of keeping construction costs as low as possible. “Less is more” also means more space with minimal structural impediments inside- “ clear span” space” (Chicago Architectural Foundation, 2002, p. 21-22).  
The design of the tower was explained as a “Bundle Tube” produced by Chief Engineer-Fazlur Khan and Architect-Bruce Graham. Below is a CAD drawing of the nine bundles:[image: C:\Users\Gethin\AppData\Local\Microsoft\Windows\Temporary Internet Files\Content.IE5\PBW3XCJR\IMG_8095.jpg]



(Chicago Architectural Foundation,
2002, p. 25).  



“Ultimately the decision was to go up and up and up. Khan and Graham finally submitted the "bundled tube," nine 75-foot square modules tied together and rising upward. At 50 stories two tubes stopped their ascent, two more ended at the 66th floor, three more at the 90th and two climbed to over 100 stories.” (Brashler, 1989). The bundle tube’s’ durability was designed to support one another against the wind, earthquakes and increase the views around the perimeter of the building; the higher the floors the higher the rent of the offices; which increased the economics of the building.
Foundations of the Sears Tower.
The foundation of the Sears Tower started in 1970 and was designed to cope with the load of the Tower. Firstly, “The ground was broken in August 1970” (Mega Structures-Willis Tower, Sears Tower, National Geographic Documentary 2015). During the excavation phase a, “3 foot thick wall to be dug around the perimeter of the building site.” (Mega Structures-Willis Tower, Sears Tower, National Geographic Documentary 2015). They used ‘bentonite slurry’ to prevent the excavations from filling up with water and collapsing. These are the images of the excavations being carried out:[image: C:\Users\Gethin\AppData\Local\Microsoft\Windows\Temporary Internet Files\Content.IE5\FUPXXOG1\IMG_8116.jpg]

[image: C:\Users\Gethin\AppData\Local\Microsoft\Windows\Temporary Internet Files\Content.IE5\FUPXXOG1\IMG_8117.jpg]






(Mega Structures-Willis Tower, Sears Tower, National Geographic Documentary 2015).
For this foundation they had to dig down to bedrock to find stable ground to support the load of the building; which was explained by, “(John Zils-Structural Engineer), Only the tallest buildings in Chicargo are required to go down to bedrock because of the load and what these are, they are drilled shafts that extend down to the rock, there is a steel jacket and they are filled with concrete. There are one of these located under each column.” (Mega Structures-Willis Tower, Sears Tower, National Geographic Documentary 2015).[image: C:\Users\Gethin\AppData\Local\Microsoft\Windows\Temporary Internet Files\Content.IE5\ELTYPCWE\IMG_8118.jpg]

Here is the auger drilling the soil out of the 
Steel casing; (Mega Structures-Willis 
Tower, Sears Tower, National Geographic
Documentary 2015).

Once the steel cases were installed and filled with concrete, “A five foot concrete mat was poured at the bottom of the excavation site; this mat tied all of the cases together and became the bottom floor of the Sears Tower.” (Mega Structures-Willis Tower, Sears Tower, National Geographic Documentary 2015).
[image: C:\Users\Gethin\AppData\Local\Microsoft\Windows\Temporary Internet Files\Content.IE5\2JTWYDOA\IMG_8121.jpg]


Here are the ground workers filling 
the excavation with concrete to form a
raft, which brought all 114 pilings 
together.


(Mega Structures-Willis Tower, Sears Tower, National Geographic Documentary 2015).

While the foundations were being carried out the design of the actual structural drawings, were not finished. In 1971 the foundations were finished and ready to start the steel frame.





Steel Frame Production.
I have researched the manufacturing process of structural steel to give an understanding of what happens before it is delivered to site: 
	Blast Furnace: 
The structural steel frame for the Sears Tower was prefabricated at the fabrication plant where the girders, columns and beams were produced. I have related today’s technology which is more advanced to the production process of prefabricated steel in the 1970’s; which will have a lot of similarities. Structural Steel is a ferrous metal which contains, “The raw materials for the production of iron are iron ore, coke and limestone.” (Lyons, 2019, p. 203). The manufacturing process is filling, “the top of the blast furnace. A hot air blast, sometimes enriched with oxygen, fed through the tuyeres into the base of the furnace. This heats the furnace to white heat, converting the coke into carbon monoxide, which then reduces the iron oxide to iron. The molten metal collects at the bottom of the furnace. The limestone forms a liquid slag, floating on the surface of the molten iron. Purification occurs as the impurities within the molten iron are preferentially absorbed into the slag layer. The whole process is continuous, as relining the blast furnace with the special refractory bricks is expensive and time consuming. From time to time, as the molten slag level rise, excess is tapped off for subsequent disposal as a by-product of the steel-making industry. When hot metal is required for the subsequent steel-making process, it is tapped off into huge ladles for direct transportation to the steel converter. At this stage, the iron is only 90-95% pure, with sulphur, phosphorus, manganese and silicon as impurities, and a carbon content of 4-5%.” (Lyons, 2019, p. 203). The left over gases from this process are then recycled to burn as energy, that helps towards sustaining the operation of the blast furnace. A diagram of the blast furnace:
[image: http://www.greenspec.co.uk/images/web/materials/iron-diagram.jpg]
(Greenspec, 2020).

	The main steel making furnaces are the Basic Oxygen Furnace and the Electric Arc Furnace, which are designed to reduce the carbon within the steel. The raised temperature needed for the steel making process is, “about 3000f (1600c)” (Marotta, T, W, 2005, p. 236). 
From close examination of the manufacturing process, an Electric arc furnace will use mostly recycled steel and will reach temperatures of up to 1600c to melt and produce high quality steel. This process is an effective way to get rid of the scrap waste within the construction sector and improve the environment.
	A diagram of the Electric Arc Furnace
 [image: C:\Users\Gethin\AppData\Local\Microsoft\Windows\Temporary Internet Files\Content.IE5\ELTYPCWE\IMG_8106.jpg]
(Lyons, 2019, p. 205).

	This process will add scrap steel into the converter mixed with the melted iron and oxygen is added to the metal; which decreases the impurities and carbon content at high temperatures.
	A diagram of the Basic Oxygen Furnace:
[image: C:\Users\Gethin\AppData\Local\Microsoft\Windows\Temporary Internet Files\Content.IE5\PBW3XCJR\IMG_8107.jpg]
(Lyons, 2019, p. 205).


	Continuous Casting is used to produce lengths of steel and can be cut into specific lengths for beams, wires plates or strips. This process is done by adding molten steel into a mould that is cooled; producing a thin hard shell, through guide rolls. Here is a diagram of the machinery used:
	[image: C:\Users\Gethin\AppData\Local\Microsoft\Windows\Temporary Internet Files\Content.IE5\FUPXXOG1\IMG_8130.jpg]
(Lyons, 2019, p. 206).


	Carbon steel contains alloyed iron and carbon, the higher the carbon the stronger and more brittle it becomes. When the steel is being produced through the furnace it forms crystals called, “(ferrite, perlite and cementite) associated with different proportions of iron and carbon” (Lyons, 2019, p. 206). If the pearlite crystals increase the steel becomes stronger. 
	[image: C:\Users\Gethin\AppData\Local\Microsoft\Windows\Temporary Internet Files\Content.IE5\ELTYPCWE\IMG_8103 (1).jpg]
A diagram of various classes of carbon steel.
(Lyons, 2019, p. 207).

	Hot rolled is the passing for numerous shapes by removing any defects in the hot steel, “approximately 1200c through a series of computer controlled rollers that reduce the thickness to typically between 1.5 and 20mm prior to water cooling and coiling.” (Lyons, 2019, p. 206). 

	Various shapes produced by hot rolled machinery  
[image: C:\Users\Gethin\AppData\Local\Microsoft\Windows\Temporary Internet Files\Content.IE5\2JTWYDOA\IMG_8131.jpg]
(Lyons, 2019, p. 207).

	Tensile Test: Before the materials go out to site the material must be mechanically tested to find out the stresses and strains. This is done by a, “tensile test specimen is a 0.500-in.-diameter cylinder machined to a smooth accurate circular cross section. The specimen is clamped at each end or threaded into a testing machine that applies an axial pull at a uniformly increasing rate until the specimen break. As the pulling proceeds, the force is constantly indicated in digits or by a dial on the machine. Tensile stress is calculated by dividing the force by the original cross-section area. Before the force is applied, two marks are made on the specimen 2 in. apart in the direction of the applied force. The two marks are drawn farther apart as the specimen deforms under the tension. Strain is calculated by dividing the increase in distance between the marks by the original 2-in. distance. Stress and strain are determined at regular intervals from readings of force and the measured increase in distance between the marks. A curve of stress versus strain is plotted to determine whatever information is desired. The yield stress and rupture stress are often specified as lower limits for acceptance of steel. In many cases, a complete stress-strain curve is plotted by an automatic recorder as test the proceeds. Automatic devices are available to determine yield strength by noting the strength at the correct plastic (permanent) deformation as the sample is being tested without plotting a stress-strain curve.” (Marotta, T, W. 2005, p. 243). 
Once the tests have been carried out on the various carbon steel contents, they would be specified and stamped for the type of material and yield strength. [image: C:\Users\Gethin\AppData\Local\Microsoft\Windows\Temporary Internet Files\Content.IE5\FUPXXOG1\IMG_8134.jpg]


(Marotta, T, W. 2005, p. 243).

  





Here are the advantages and disadvantages of a steel frame: 
	Advantages of a Steel frame.
	Disadvantages of steel.

	It has high durability.
It has high strength.
Light bearing load.
It can be ductile depending on the carbon content.
Can be prefabricated easily at different measurements.
Fire resistant but fire retardant can be added to protect the steel frame even more.
Weather resistant.
Can repel pests or insects.
Very fast to assemble on site.
Economically efficient if everything goes to plan.
Can develop tall and wide buildings quickly.


	Cannot be modified easily on site (flexibility is limited).
 
Heat can be transferred away from the steel structure, which reduces heat in the building.

Extra insulation needs to be added to sustain the heat.

Setbacks if the fabrication measurements are wrong and cannot be assembled.

Cannot weld on site if the weather is too severe.

Difficult to tighten the bolts due to shrinkage of metal in cold weather.

Needs various materials to bring the building together.

Adjustments can counter act the time savings on a steel frame. 

Materials are expensive to purchase.





Sears Tower, Steel Frame Assembled Onsite.
In 1971 the Sears Tower’s foundation was completed and ready to assemble the steel frame by the iron workers, “Their jobs were made a little easier in the interest of time and efficiency. The columns and girders would be welded together off site at the fabrication plant.” (Mega Structures-Willis Tower, Sears Tower, National Geographic Documentary 2015)
The steel sections were transported to site by specialised trucks from the fabrication plant because there was no room on site to store the materials, “The fabricators came up with an ingenious plan, of skewing the units at a 45 degree angle” (Mega Structures-Willis Tower, Sears Tower, National Geographic Documentary 2015). [image: C:\Users\Gethin\AppData\Local\Microsoft\Windows\Temporary Internet Files\Content.IE5\FUPXXOG1\IMG_8100.jpg]

 

  







(Chicago Architectural Foundation, 2002, p. 33).     
A steel girder loaded on the back of truck at a 45 degree angle, these were brought to site as they were needed to plan (lead time).
At the beginning of the project of 1971 the iron workers began to install an upright girder on to the foundation platform, by lowering it on to the proud reinforced bolts. Three men lined it up as the crane lowered the girder, then it was bolted and welded to the foundations.
 [image: C:\Users\Gethin\AppData\Local\Microsoft\Windows\Temporary Internet Files\Content.IE5\2JTWYDOA\IMG_8028.jpg]

A girder being installed, (Mega 
Structures-Willis Tower, Sears 
Tower, National Geographic 
Documentary 2015).



The ground girders were installed so they began to build upwards as, “Vic Mugica (Iron Workers Local Union NO.1,  The raiser gang sets the steel by putting ore bolts in it, the bolt up gang came up behind us and stuck all the bolts in, then the plum up gang, to straighten out the building.” (Mega Structures-Willis Tower, Sears Tower, National Geographic Documentary 2015).
The steel skeleton began to take shape from the foundations up, below are images of the iron workers and engineers working together in order to get the levels of the building completed:[image: C:\Users\Gethin\AppData\Local\Microsoft\Windows\Temporary Internet Files\Content.IE5\ELTYPCWE\IMG_8040.jpg]
[image: C:\Users\Gethin\AppData\Local\Microsoft\Windows\Temporary Internet Files\Content.IE5\2JTWYDOA\IMG_8031.jpg]







The girders getting lifted into position and the frame getting bolted together, (Mega Structures-Willis Tower, Sears Tower, National Geographic Documentary 2015).
[image: C:\Users\Gethin\AppData\Local\Microsoft\Windows\Temporary Internet Files\Content.IE5\2JTWYDOA\IMG_8048.jpg]
[image: C:\Users\Gethin\AppData\Local\Microsoft\Windows\Temporary Internet Files\Content.IE5\FUPXXOG1\IMG_8037.jpg]






Engineers are making sure the frame is level before the welding on site takes place, (Mega Structures-Willis Tower, Sears Tower, National Geographic Documentary 2015).
The sequence is repetitive to get all the steel columns, beams and girders fixed in place, here is the Steel skeleton being developed in the early stages:[image: C:\Users\Gethin\AppData\Local\Microsoft\Windows\Temporary Internet Files\Content.IE5\ELTYPCWE\IMG_8101.jpg]










“From the beginning of the project in 1971, the construction of the Sears Tower represented a logistical feat as well as a technological one. The people involved compared its size, scope, and intensity to the pyramids of Egypt.” (Chicago Architectural Foundation, 2002, p. 38).     
	Steel Frame Durability and Resistance to the Climate.  

	Chicago is known for its high exposure to the wind, especially the higher you go. In relation to the high winds the ‘Bundle Tube design’ which was mentioned earlier, is a reinforced structure as it diminishes the higher it goes by deflecting the wind around the  building. They also used diagonal bracing to reduce the building from rocking. The higher the building, the more susceptible it is to movement; which is explained by: “John Zilis Structural Engineer, Structurally we found that we could take a lot of advantage of those double height floors by X-bracing between the columns and it acted like a stiffening element as you went up the building; so by using a very small amount of structural steel for the diagonals we were able to reduce the lateral drift, due to wind by about 15%, which is very significant.”  (Mega Structures-Willis Tower, Sears Tower, National Geographic Documentary 2015).
	Here you have the two story high floors which are designed to resist the wind force and maintain the mechanics of the building: [image: C:\Users\Gethin\AppData\Local\Microsoft\Windows\Temporary Internet Files\Content.IE5\PBW3XCJR\IMG_8132.jpg]









(Mega Structures-Willis Tower, Sears Tower, National Geographic Documentary 2015). There were 5 rooms like this throughout the building. 

	The Temperature, winds and clouds were so hazardous the iron workers were unable to work and also caused stress to the structure, “In Chicago," Worley told the Journal, "you get used to getting up, calling the weather bureau and crying every morning." Dozens of workdays, particularly those of ironworkers, were lost because of wind, snow or temperatures falling below 10 degrees. The Tower's first five floors had to be enclosed to maintain a steady temperature of 50 degrees to prevent heat or cold-related stress on the upper structure.” (Brashler, 1989).
The iron workers managed, “‘As the work progressed, as the iron went up-in good weather-at a rate of two floors a week, the site was visited on weekends by Phil Chinn and his two boys.” (Brashler, 1989).
Snow and ice on the steel frame, relating to both images:






The building was quickly getting assembled and, “On May 3, 1973, even though it was 42 degrees, with winds whipping so badly that the day's shift of steel workers had been sent home, the building was topped out.’
‘Then the final beam, a 2,500-pound girder with the Stars and Stripes on one end and the flag of Chicago-both whipping horizontally in the gale-on the other, and 9,000 signatures of Searsmen in between, was hoisted into the cold blue sky.” (Brashler, 1989).

Once the entire steel frame was completed they began to lay the floors with structural steel sheeting and concreate across the beams; “rotating the floor direction 90 degrees every five floors.” (Mega Structures-Willis Tower, Sears Tower, National Geographic Documentary 2015). To strengthen the buildings structure.









As the concrete set they began to treat the steel frame with fire proof spray, “The steel super structure was coated with fire retardant, we didn’t use asbestos base fire proofing even though we could have and it was cheaper the decision was made that the asbestos could potentially cause cancer.” Explained by Phil Chinn, Project Manager, Mega Structures-Willis Tower, Sears Tower, National Geographic Documentary 2015).






“The steel structure was protected by ‘black aluminium, complimented with tinted bronze windows, over 16’000 thousand windows were installed.” (Mega Structures-Willis Tower, Sears Tower, National Geographic Documentary 2015).
The job of the windows is to protect the building and people form the natural elements including the; wind, solo radiation, snow, rain and leave natural light flow through the building.

The rest of the interior was completed including the plumbing, electrics, insulation and the interior design and was finished in 1973.
	[image: C:\Users\Gethin\AppData\Local\Microsoft\Windows\Temporary Internet Files\Content.IE5\2JTWYDOA\IMG_8052.jpg]

 



(Mega Structures-Willis Tower, Sears Tower, National Geographic Documentary 2015)[image: C:\Users\Gethin\AppData\Local\Microsoft\Windows\Temporary Internet Files\Content.IE5\PBW3XCJR\IMG_8050.jpg]







(Mega Structures-Willis Tower, Sears Tower, National Geographic Documentary 2015).
[image: C:\Users\Gethin\AppData\Local\Microsoft\Windows\Temporary Internet Files\Content.IE5\FUPXXOG1\IMG_8051.jpg]






(Mega Structures-Willis Tower, Sears Tower, National Geographic Documentary 2015).
The final beam ready to go up:[image: C:\Users\Gethin\AppData\Local\Microsoft\Windows\Temporary Internet Files\Content.IE5\ELTYPCWE\IMG_8053.jpg]






(Mega Structures-Willis Tower, Sears Tower, National Geographic Documentary 2015).


Steel floor laid across the beams:[image: C:\Users\Gethin\AppData\Local\Microsoft\Windows\Temporary Internet Files\Content.IE5\2JTWYDOA\IMG_8164.jpg]





(Mega Structures-Willis Tower, Sears Tower, National Geographic Documentary 2015).



Concrete floor being spread out over the structural steel sheets:[image: C:\Users\Gethin\AppData\Local\Microsoft\Windows\Temporary Internet Files\Content.IE5\PBW3XCJR\IMG_8165.jpg]





(Mega Structures-Willis Tower, Sears Tower, National Geographic Documentary 2015).
Fire retardant applied to the steel frame:[image: C:\Users\Gethin\AppData\Local\Microsoft\Windows\Temporary Internet Files\Content.IE5\FUPXXOG1\IMG_8133.jpg]





(Mega Structures-Willis Tower, Sears Tower, National Geographic Documentary 2015).





The windows are over half way installed:
[image: C:\Users\Gethin\AppData\Local\Microsoft\Windows\Temporary Internet Files\Content.IE5\ELTYPCWE\IMG_8099.jpg]








(Chicago Architectural Foundation, 2002, p. 31).     











	Adaptations to the Sears Tower in its Life Cycle.

	Adaptations to the building.
The sears tower had refurbishment work done in 1984 to the front entrance. Making the sealing height like a dome. As you can see people working off the scaffolding and walk area.   
	[image: C:\Users\Gethin\AppData\Local\Microsoft\Windows\Temporary Internet Files\Content.IE5\PBW3XCJR\IMG_8136.jpg]








(Chicago Architectural Foundation, 2002, p.38).   

	Here is the front of the building with, “The sweeping stairs are now gone,” (Chicago Architectural Foundation, 2002, p.46).   
There is a water feature and plants to give the building a natural environment. 
The entrance is flooded with natural light and tall ceilings.

Exterior glass producing great reflection off a modern curved roof, known as ‘the Lunch Box’, (Chicago Architectural Foundation, 2002, p.46).   

	[image: C:\Users\Gethin\AppData\Local\Microsoft\Windows\Temporary Internet Files\Content.IE5\FUPXXOG1\IMG_8137.jpg]








(Chicago Architectural Foundation, 2002, p.46).   [image: C:\Users\Gethin\AppData\Local\Microsoft\Windows\Temporary Internet Files\Content.IE5\ELTYPCWE\IMG_8139.jpg]









(Chicago Architectural Foundation, 2002, p.54).   




	Interior design of the lobby exposing the steel frames with in the early 90’s, “which kept pace with the times, more importantly emphasized the sheer size of the modern skyscraper and its interior space.” (Chicago Architectural Foundation, 2002, p.55).   








	[image: C:\Users\Gethin\AppData\Local\Microsoft\Windows\Temporary Internet Files\Content.IE5\2JTWYDOA\IMG_8138.jpg]















(Chicago Architectural Foundation, 2002, p.55).   




	Adaptations to the Sears Tower in its life cycle.

	The Willis Towers have started their new project, “early 2017 and has been under construction for nearly a year.” (Kozlarz, 2018). The project entails, “The wraparound annex will span more than 300,000 square feet across five levels (two below the street plus three above).” (Kozlarz. J. 2018).  

	[image: https://cdn.vox-cdn.com/thumbor/eS9Axa0QtKwlQMGcmYXL_Veh9dg=/0x0:4000x2250/920x613/filters:focal(1881x803:2521x1443)/cdn.vox-cdn.com/uploads/chorus_image/image/61385521/WillisTower_WillisAtrium_Overview.0.jpg]













(Kozlarz, 2018).


	The ‘Lunch Box’ entrance has been reconstructed with, “assembling Catalog’s steel frame. The 110-story tower is also adding new tenant amenities, a modernized elevator system, updated lighting for its iconic twin antennas. Catalog is expected to be completed in mid – 2020.” (Kozlarz, 2018).

	The wraparound extension of the Sears Towers.
[image: C:\Users\Gethin\AppData\Local\Microsoft\Windows\Temporary Internet Files\Content.IE5\PBW3XCJR\IMG_8168.jpg]










(Kozlarz, 2018).


	Another tourist attraction that they are in the middle of designing is, “The owners of Chicago’s tallest building are exploring several thrilling enhancements for the Willis Tower’s so-called Skydeck including a chance to rappel—or descend by rope and harness—from the 103rd to 102nd floor inside a two-story enclosed glass box attached to the iconic tower’s exterior. Another proposed attraction dubbed “Ledgewalk” would allow visitors to stroll along a glass ledge with an open top more than 1,300 feet in the air.” (Kozlarz, 2017)
	“Two story expansion of the tower’s popular 103rd-floor skydeck attrction” (Kozlarz, 2018).
[image: https://cdn.vox-cdn.com/thumbor/NEEpcE8J-ZNdGprkTI2W16YZAsg=/0x0:1000x550/920x613/filters:focal(500x175:660x335)/cdn.vox-cdn.com/uploads/chorus_image/image/53836027/AR_170329962.0.jpg]















(Kozlarz, 2017).


	New technology will improve the sustainability of the elevators system, “For the 5.8 million people who ride in Willis Tower’s elevators each year, the improvements will reduce travel times by up to 30 percent. The changes will also cut energy usage by 35 percent.” (Kozlarz, 2018)
	[image: C:\Users\Gethin\AppData\Local\Microsoft\Windows\Temporary Internet Files\Content.IE5\FUPXXOG1\IMG_8169.jpg]








(Kozlarz, 2018)


	The steel frame and glass has been taken down to making way for the new wraparound structure to take its course. The materials that was taken away; was recycled, “Even the old lunchbox is poised for a second life, albeit in raw material form. According to building owner Blackstone Group and partner Equity Office, roughly 180 tons of metal and glass from the demolished atrium will be recycled.”
(Kozlarz, 2018).


	The entrance has been taken down for the new refurbishiment to take its place:
[image: https://cdn.vox-cdn.com/thumbor/ZKpuzgd4SGZ9c1YVWDkkIhk6-NU=/0x0:3000x2000/920x613/filters:focal(834x731:1314x1211)/cdn.vox-cdn.com/uploads/chorus_image/image/59299447/1522950954_ba95e1937ca079da31fd98cecf2e8eff.0.jpg]









(Kozlarz, 2018).




From my research I have understood the new adaptations in progression for the Willis Towers; which will give the building an effective green approach towards the structure more economically efficient and bring the building up to date.  


The Burj Khalifa Dubai (Reinforced Concrete Frame).
From close analysis of the Burj Khalifa the construction process started early 2004 and opened early 2010; which holds the world records for:
“At over 828m and more than 160 stories, Burj Khalifa holds the following records:
Tallest building in the world
Tallest free-standing structure in the world
Highest number of stories in the world
Highest occupied floor in the world
Highest outdoor observation deck in the world
Elevator with the longest travel distance in the world
Tallest service elevator in the world.” (Writer, 2018 ). 

Plus the important facts of the building:

“28,261 Glass cladding panels make up the exterior of the tower and its two annexes.
1325 Days after excavation work started in January 2004, the Burj Khalifa became the tallest free-standing structure in the world.
12,000 Workers and contractors were on site every day at the peak of construction.
124 Storeys up is the publicly accessible observation deck, with an outdoor terrace.
606 Metres is the height to which concrete was pumped, a world record for concrete pumping.
504 Metres is how high the Burj Khalifa's main service lift travels, the most of any elevator.
57 Elevators will move occupants around.
31,400 Tonnes of rebar were used in the structure of Burj Khalifa.5,500 KG is the carrying capacity of the service lift.” (Writer, 2018 ). 




This structure evolved from seven successful buildings including:
· “Equitable Life Building-43m
· Fuller Flatiron-87m
· United Nations HQ-168m
· World Trade Centre 417m
· Sears Tower-442m
· Taipei 101-509m” 

(AGER Ingenieria Estructural, Construction of Burj Khalifa, English, 2015).  

This brought the skyscraper technology and engineering to its limits.

The Manufacturing Process of Conrete.
I have researched the manufacturing process of concrete in relation to what was used in the Burj Khalifa foundations and frame. There are five types of cement, which are:

“CEM I Portland cement
CEM II Portland-composite cement 
CEM III Blast furnace cement
CEM IV Pozzolanic cement
CEM V Composite cement

Within these five main types of cement, a wide range of constituents is permitted, including silica fume, natural or industrial pozzolanas, calcareous or siliceous fly ash, and burnt shale.” (Lyons, 2019, p.73)






	Concrete Production.

	 Materials used to process cement:
“Lime, Silica, Alumina, Iron oxide.”
(Lyons, 2019, p.71).
	The main components of cement:
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(Lyons, 2019, p.72).

	Dry process of cement production:[image: C:\Users\Gethin\AppData\Local\Microsoft\Windows\Temporary Internet Files\Content.IE5\2JTWYDOA\IMG_8170.jpg]






(Lyons, 2019, p.71).

	The properties of cement:[image: C:\Users\Gethin\AppData\Local\Microsoft\Windows\Temporary Internet Files\Content.IE5\2JTWYDOA\IMG_8173.jpg]










(Lyons, 2019, p.72).


After researching through the various types of cements I have discovered that they used; pozzolanic cement, which consisted, “triple blends of binder were specified, comprising Portland Cement (low C3A) + Fly ash + Elkem Microsilica” (Elkem, 2020) and used local aggregates for the concrete mix giving the concrete high workability.
This special mix was designed to cope with, “a harsh local climate, with high chloride and high sulfate ground conditions - conditions which would otherwise cause rapid deterioration of conventional concrete.” (Elkem, 2020).
The type of cement is a hydraulic cement which slowly hardens and needed to be mixed with chilled water to stop it from hardening too quick; due to it being pumped long distances in high temperatures of Dubai.
Design Planning and Building Process of the Burj Kahlifa.
The design planning came from, “Skidmore, Owings & Merrill was the architecture firm behind the design and engineering of the tower.” (Writer. 2018 ).
The design plan was similar to the way the ‘Bundle Tube’ of the Sears Tower was developed. The Burj Khalifa was, “developed  what has become known as a spiraling "Y" shaped plan, which was used to shape the structural core of the building.

Key considerations included the impact of wind forces and 'constructability', architecture cant for practical construction considerations. The design employs a 'buttressed core', which has each wing of the building buttressing the others via a six-sided central core.

It is this central core that provides the structure's torsional resistance. The design of wall and corridor intersections means that all of the vertical concrete is used to support both gravity and lateral loads.

As the building spirals in height, the wings set back to provide many different floor plates. These setbacks also have the advantage of providing a different width to the tower for each differing floor plate. This stepping and shaping of the tower has the effect of disrupting the flow of the wind over the height of the building.” (Writer, 2018).

Below I have demonstrated the architectural design of the buttressed core, foundations used, why the design is suitable for the site and climate resistance of Dubai:
	Design Drawing of the Burj Khalifa’s Durability Theory.

	
William F Baker-Chief Structural engineer is demonstrating how the, “Buttressed core, now the core is the center hexagon middle of the building and that’s what is used to resist the twisting forces on the building.” (Mega Structures, Burj Khalifa Dubai, 2014).




This is the buttressed core in 3D letting the natural light through the building (computer animated). 
	[image: C:\Users\Gethin\AppData\Local\Microsoft\Windows\Temporary Internet Files\Content.IE5\ELTYPCWE\IMG_8146.jpg]








(Mega Structures, Burj Khalifa Dubai, 2014).
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(Mega Structures, Burj Khalifa Dubai, 2014).






	The Foundations of the Burj Khalifa.

	The excavation work started in 2004.
A concrete raft was placed on top of the piles bringing all of them tied together,  
“Which is in turn supported by 192 bored reinforced concrete piles.
The mat is 3.7m thick, and was constructed in four separate pours totaling 12,500 cubic metres (m³) of concrete. Bauer Spezialtiefbau, with Middle East Foundations, took on much of the piling work, which required bores to be sunk for cast in-situ piles, to a depth of 43 meters.” (Writer, 2018 ).

Boreholes being drilled by the auger ready for the piles, pouring polymer slurry in the excavations to stop them from collapsing, “over 45,000m³ of concrete was used to in construction of the tower's foundations. The overall construction process will have used 330,000 m³ of concrete and 39,000 tonnes (43,000 ST; 38,000 LT) of steel rebar.” ((Writer, 2018 ).

They used friction piling, due to the sandy soils.
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(Mega Structures, Burj Khalifa Dubai, 2014).
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(Mega Structures, Burj Khalifa Dubai, 2014).



Reinforced Concrete Walls Production of the Burj Khalifa.
The Raft of the Burj Khalifa was in place ready to start the reinforced wall production of the ‘buttressed core’ which takes prefabrication to the next level: 
	Reinforced Concrete Wall Production of the Burj Khalifa (Jump Forming).

	“The process starts at the bottom of the building.” (AGER Ingenieria Estructural, Construction of Burj Khalifa, English, 2015).
Steel re- bare cage are lifted by the kangaroo cranes.




The cages are placed inside the mould (shuttering formation), “Steel workers assemble the steel cages; that will become the backbone for the floors and walls” (AGER Ingenieria Estructural, Construction of Burj Khalifa, English, 2015).
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(AGER Ingenieria Estructural, Construction of Burj Khalifa, English, 2015).
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(AGER Ingenieria Estructural, Construction of Burj Khalifa, English, 2015).






	
As you can see the aggregates are in the concrete mix and, “In goes the concrete and 12 hours later when the concrete hardens, the form gets ready for the jump” (AGER Ingenieria Estructural, Construction of Burj Khalifa, English, 2015).

They also used, “The abrasion characteristics of coarse aggregate are an important consideration for pumping: the rate of wear of the pipeline is a significant cost consideration, particularly at high pressure.” (Aldred, 2010)


Jump forming moulds are filling up with concrete around the steel re-bar cage in position.




The mould is full of concrete ready for the hydraulic pistons to take its course.





The, “hydraulic pistons push the form up leaving the concrete block behind it takes only 2 hours for the form to move up to the next level. Where the process starts all over again. This way Burj Dubai is cast in place layer by layer like a giant wedding cake.” (AGER Ingenieria Estructural, Construction of Burj Khalifa, English, 2015).


Reinforced concrete block is left behind and this process is repeated throughout the building.


The teams are pumping concrete up to the 55th floor. ‘Greg Sang-(Project Director, EMAAR), “We’re pumping 570m’s at the moment which is a world record for a building sight, it’s a very aggressive environment within the pipe. The higher the pressure, the aggregates rubbing against the steel, you got to watch out cause you could break through the steel, the pipes could burst.” (AGER Ingenieria Estructural, Construction of Burj Khalifa, English, 2015).
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(AGER Ingenieria Estructural, Construction of Burj Khalifa, English, 2015).
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(AGER Ingenieria Estructural, Construction of Burj Khalifa, English, 2015).
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(Mega Structures, Burj Khalifa Dubai, 2014).


The design Towards the Climates of the Burj Khalifa.
The reinforced concrete skeleton of the building is completed and ready to start the exterior of the building; with steel framing and protective reinforced glass:
	Exterior Protection from the Climate of the Burj Khalifa.

	
Dubai has scorching hot temperatures; the glass of the exterior windows has been, “coated with a thin layer of metal. Like sun screen the metal coating deflects ultra violet radiation that would otherwise heat up the building.” (AGER Ingenieria Estructural, Construction of Burj Khalifa, English, 2015).



You can also get heat come from the ground; which, “The sun screen is useless against the in for red radiates from the hot desert sand, so the inner pane is coated with a thin layer of silver that keeps that heat raise out.” (AGER Ingenieria Estructural, Construction of Burj Khalifa, English, 2015). 

This will reduce the greenhouse effect of the building and also the air conditioning system will work hand in hand to maintain the cool air temperature inside.
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(AGER Ingenieria Estructural, Construction of Burj Khalifa, English, 2015).
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(AGER Ingenieria Estructural, Construction of Burj Khalifa, English, 2015).





	
The Burj Khalifa’s shape has been designed to with stand the wind, due to its dynamic shape, “each section of the tower is designed to deflect the wind in a different way. This disrupts the power of the vortices and breaks the hold of the wind on the building” (AGER Ingenieria Estructural, Construction of Burj Khalifa, English, 2015).


Wind vortices going around the structure. 

The buttressed core diminishes in size the higher the building gets, which stops the rocking motion of the building.



The construction build of, “The Burj Dubai can with stand earthquakes of up to 6 on the Richter scale, because it has a massive reinforced concrete skeleton.” (AGER Ingenieria Estructural, Construction of Burj Khalifa, English, 2015).
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(AGER Ingenieria Estructural, Construction of Burj Khalifa, English, 2015).
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(AGER Ingenieria Estructural, Construction of Burj Khalifa, English, 2015).



	Fire Emergency Plan in the Burj Khalifa.

	
In the Burj Khalifa the fire emergency plan for getting people evacuated was a massive challenge. In the design of the building they, “ built in fire protection as it concrete backbone is naturally fire resistant.” (AGER Ingenieria Estructural, Construction of Burj Khalifa, English, 2015).

They also installed nine fire safety sections called, “ Refuge Rooms, built from layers of reinforced concrete and fireproof sheeting the walls of these rooms with stand the heat of a fire for two hours.” (AGER Ingenieria Estructural, Construction of Burj Khalifa, English, 2015).



The rooms contains “a special supply of air pumped through fire resistant pipes sealed fireproof doors, stops smoke from leaking in.” (AGER Ingenieria Estructural, Construction of Burj Khalifa, English, 2015).

 

They have installed fans in the stairwells of, “The Burj Dubai has an early warning system that guards it around the lock, if a fire activates its smoke detector a heat sensor or a water sprinkler, a network of powered fans kick in. The fans force cool clean air through fire resistant ducks into the building the fresh air pushes the smoke out of the stairwell and keeps the evacuation routes clear.” (AGER Ingenieria Estructural, Construction of Burj Khalifa, English, 2015).





The reason for installing this fire emergency plan because, “the attacks off 911, many believed that no supertall building would ever be built again.” (AGER Ingenieria Estructural, Construction of Burj Khalifa, English, 2015).
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(AGER Ingenieria Estructural, Construction of Burj Khalifa, English, 2015).
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(AGER Ingenieria Estructural, Construction of Burj Khalifa, English, 2015).
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(AGER Ingenieria Estructural, Construction of Burj Khalifa, English, 2015).
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(AGER Ingenieria Estructural, Construction of Burj Khalifa, English, 2015).
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(AGER Ingenieria Estructural, Construction of Burj Khalifa, English, 2015).
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(AGER Ingenieria Estructural, Construction of Burj Khalifa, English, 2015).



Below I have listed the advantages and disadvantages of a reinforced concrete frame:
	Advantages. 
	Disadvatages.

	High strength.

Fire resistant. 

Durable. 

Efficient workability by moulding to any shape.

Efficient maintenance costs.

Weather resistant. 

Rigid. 

Good reinforcement to the structure when hardened.

Less skilled worker needed in relation to a steel frame worker.


	Larger columns than steel frame.

Waiting time for the concrete to harden.

Can cause cracks when shrinking.

Will not be able to predict the strength of the concrete until it has hardened.

The wrong aggregates Can create voids in the concrete causing the structure to become weak.

The re-bar can corrode and become week.

Frost can attack the mix, (no problems in Dubai).

Can harden to quick if the mix of water ratio is wrong or the temperature is too hot.









Adaptations to the Burj Khalifa in its life cycle.
The Burj Khalifa has been built for 10 years and it is a symbol of advanced engineering and design. This mammoth building resists against the corrosive dusts of the desert, high winds and scorching temperatures. The building needs to be maintained to get the full life cycle capacity. The exterior windows and steel framing are cleaned by (machine controlled window cleaners) that will get rid of the corrosive dust from the desert. The interior of the building is maintained in relation to the mechanics and utilities; which make the running of the building run more efficient.
From close examination of an article, in 2010 it was announced that the Burj Khalifa was going solar. Relating to this article I have narrowed down the benefits that the Burj Khalifa has gained from their adaptations to the environment: 
· “140,000 litres of water every day, which will be distributed to homes and commercial entities within the tower.
· Energy savings equivalent to 3,200 kilo watts per day and 690MWh of energy per annum.
· The significant benefits include cost savings on energy uses -- not only for the tower but the Government utility provider too -- as well as reduced pollution levels leading to a healthier environment.
· The solar panels of Burj Khalifa serve as solar collectors, as against photovoltaic electricity generation technology. Located on roof of The Offices, the annexure of Burj Khalifa, 378 collector panels, each 2.7 sq m in area, can heat the entire 140,000 litres of water in approximately 7 hours of day time solar radiation.
· The air-conditioning equipment in Burj Khalifa is reclaimed to cool the potable water from Dubai Electricity & Water Authority. The condensate is then collected in an on-site irrigation tank and used for tower's landscaping. When operational, this system will provide about 15 million gallons of supplemental water per year.
· Fresh Air Handling Units have been fitted with thermal wheels and, wherever possible, economizer modes. Additionally, there is extensive use of variable speed drives on the air-handling and water-circulating equipment to also add to energy efficiency.” (Burj Khalifa goes solar; sun power heats 140,000 litres of water per day, 2010).
The Effects of Steel and Concrete Production on the Environment.
Steel Production.
The steel production process has major effects on the environment, involving carbon emissions, contaminated water and material waste that is hazardous. Huge effects have happened due to the use of iron ore, coal (coke) and limestone in the iron and steel production.
Carbon dioxide is produced from the manufacturing of steel and energy usage; which produces gases that creates the greenhouse effect. 
Contaminated water comes from the cooling process of coke even though it can be used again if collected properly. 
The impurities collected from the furnace process are sold within the construction industry and are recycled for other uses.
Steels from rubble are recycled mainly through the basic oxygen furnace and electric arc furnace; whish does give off some carbon gases in the melting process; but also has a positive impact on our environment by cleaning up the construction site, “Globally around 85% of construction steel is currently recovered from demolition (sourceWSA) (UK 96% source steelconstruction.info).” (Greenspec, 2020).
Cement Production.
The cement production has massive effects on global warming resulting mass levels of carbon dioxide going into the air. This is produced by burning the raw materials (coal) to create heat for the manufacturing of cement, which creates a thermal substance of calcium carbonate in the clinker. When extracting the raw materials at the quarries it creates a lot of noise, reduction in vegetation, decreased wildlife, using high energy resources, pollution from plant or vehicles and water is used to clean aggregates and reduce harmful dust on site.
Power plants are making changes to the manufacturing process of carbon emissions, using sustainable ingredients for cement and recycling materials. Below is a flow chart on how the cement manufacturing process effects the environment
[image: http://www.greenspec.co.uk/images/web/materials/greeningofconcrete/concrete-process-small.jpg]




  











Greenspec. (2020).




Conclusion.
Throughout my assignment I have demonstrated the differences between both types of building methods including a steel frame and a reinforced concrete frame; both using high energy sources during the manufacturing phase. The steel frame process of the Sears Tower was very quick to assemble and economically efficient; because of the prefabrication system following the (lead time) plan. The Burj Khalifa took prefabrication and technology to the next level, using a method called; ‘JUMP FORMING’ which averaged a floor per week on a more complexed design; which is very quick for a concrete frame.
The technology used on the Burj Khalifa was way more advanced due to the time and year it was built, the height and the climatic elements at the site. Knowing that SOM designed the Sears Tower and Burj Khalifa they used a similar method in the way they diminished the tube effect the higher they went. This deflected the wind vortices and reinforced the structure against earthquakes preventing the buildings to sway or crack.
Comparing the two materials used for construction they both have their advantages and disadvantages; but both have excellent characteristics for the purpose of building. In relation to the height, the Burj Khalifa is almost twice the size of the Sears Tower; a steel frame for the Burj Khalifa would not be strong enough to with stand the winds, adapt the steel to the complexed design and it would also corrode due to the corrosive elements at the site. The Sears Tower (Willis Tower) has great development plans that will be finished early 2020; which will bring the building back up to date and more sustainable.
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Compound Chemical formula~~ Cement nofation

Tricalcium silicate 3(a0.5i0, L
Dicalcium silicate 2(a0.5i0, (5
Tricalcium aluminate 3Ca0.AL0, CA

Tetracalcium oluminoferite ~ 4Co0.Al, 0,.Fe, 0,  C,AF
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Cement notation  Properties

(S Rapid hardening giving early strength and fast evolution of heat.
S Slow hardening giving slow development of strength and slow evolution of heat.
CA Quick setfing that is retarded by gypsum. Rapid hardening and fast evolution of

heat, but lower final strength. Vulnerable to sulphate attack.

CAF Slow hardening. Causes grey colour in cement.
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