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Abstract
Two habitable buildings were selected, one of concrete frame construction and one of steel frame construction.  Habitable was assumed to mean at least part of the building had to be given over to residential use and not just be a hotel. The frame designs and materials were compared for durability relevant to environmental and climate conditions, environmental considerations, ecology of materials and ease of assembly and adaptability. In respect of materials used in the manufacture of the frame, the John Hancock Centre used 46,000 tons of steel, and the Trump International Hotel and Tower used 25,000 tons of steel (reinforcing) in addition to its 137,620 m3 of concrete.  The energy usage alone to produce the materials is 552 million MJ for the steel frame of the John Hancock Centre and 300 million MJ for the steel reinforcing of the Trump Tower. If a cubic metre of concrete weighs approximately 2400 kg, then 198.17 million MJ of energy was used to produce the concrete.  Giving the Trump International Hotel and Tower frame a total of 696.344 million MJ of energy to produce the frame.
Introduction
The buildings selected are both situated in Chicago, Illinois, USA.  As both buildings were situated in the same city, and of very similar height, thus allowing for the buildings to be compared under similar structural and climatic conditions, thus negating one variable.  Additionally, this allowed for environmental impact of resource manufacture and biproducts generated during manufacture, to be compared accurately due to similarity of location of procurement.  Although the two buildings were built approximately 40 years apart and product manufacture would have become more efficient and hopefully have reduced environmental impact forty years on.  The two buildings also have the same architects, Skidmore, Owings and Merrill. The buildings selected are both high rise buildings, again selected to allow for accurate comparison.  The buildings are:
John Hancock Centre – 1970 – Steel frame construction
Trump International Hotel and Tower – 2009 – Concrete frame construction

[image: ]
Figure 1. Chicago showing the John Hancock Centre (Centre of Skyline) and Trump International Hotel and Tower (Tallest building to the right).
https://th.bing.com/th/id/OIP.B76jgPwjk8Ub1XPEhvqf4QHaE8?w=204&h=136&c=7&r=0&o=5&pid=1.7
Chicago Climatic Conditions
Both buildings chosen are high rise towers, so the most relevant environmental condition acting on the buildings is wind.  Chicago, Illinois, is widely known as the “windy city”. Chicago average wind speed is shown in the table below.  Due to the proximity of the buildings to the shoreline of Lake Michigan results in the wind having a significant “fetch” which can accentuate the wind effects. The highest wind gust recorded in Chicago was 87 mph on 12 February 1894. https://www.weather.gov/lot/Chicago_records
[image: ]
Fig 2. Average wind speed Chicago Illinois

Brief description of the John Hancock Centre frame
The John Hancock Centre is 1,127 feet (343.5 m) tall, 100 stories and 2.8 million square feet (260,128 m2) floor area. (Duis and Baer, 2014).  The frame is based on the Truss-Tube without internal columns structural system. (Iyengar, 2000).  The frame is manufactured form steel and tapers from bottom to top.  The frame is braced externally with diagonal tubing.  It is a mixed-use building with floors dedicated to retail, parking, hotel and residential.  The external bracing allowed for the maximisation of usable internal area. The steel frame was calculated to use 30 pounds of steel per square foot of floor space. (Duis and Baer, 2014).  At 2.8 million square feet, that works out to 8.4 million pounds of steel (3,810,215 kg) or 38,102 tons.  With jointing gussets and other steelwork, the total steel is 46,000 tons. (Duis and Baer, 2014)
Brief description of the Trump International Hotel and Tower frame
[bookmark: _Hlk89973471]The Trump International Hotel and Tower frame is manufactured in concrete. The concrete core is connected to perimeter columns by deep outrigger beams at three of the double-height mechanical floors, just below the setbacks. Perimeter “belt walls” at these floors provide additional stiffness. (Duis and Baer, 2014).  The structure becomes slimmer as it rises with the 3 setbacks reducing in width at 130m, 179 m, and 212m. (Baker et al, 2009). The useable height is 1,153 feet (351.4 m) and combines 286 luxury condominiums, 339 room hotel, 9,300 m2 retail space and 960 parking spaces.  There are also spas, health clubs, lounges, and restaurants. (Baker et al, 2009). The construction used 137,620 m3 of concrete and 25,000 tons of steel reinforcing.  (Baker et al, 2009).
Structural Strength and Lateral Stability
As wind has been identified as the most relevant environmental factor acting on the chosen buildings, it therefore follows that the second most significant design consideration is lateral stability.  Lateral stability is the most important structural factor next to the ability to withstand the compressive stresses caused by the actual mass of the building. It can be seen from figure 3 that both buildings are approximately 1,100 feet high (habitable space, not including spires).
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Figure 3. Comparison of building height. Baker et al 2009
The effect of wind loading on a tall building in analogous to the loading of a cantilever beam. The wind effect increases with height, due to less interference from surrounding structures and laminar flow being less affected by the boundary layer. The overall effect of wind on the building can be reduced by making the area subjected to wind effects smaller or more aerodynamic.  In the case of the John Hancock Centre building, the overall shape of the building is a truncated pyramid shape reducing the surface area presented to the wind as the building height increases, and the Trump International Hotel and Tower is both slimmer towards the top of the building, and it is also rounded in shape allowing the wind to pass around the structure.
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[bookmark: _Hlk89856401]Figure 4. Wind loading on a tall building. (Schueller 2016)

If the cantilever beam analogy is used to investigate the effect of wind on a tall building, the resultant effects are essentially:
· Instability (tipping)
· Bending
· Shear
Instability or tipping would occur when the centre of gravity of the structure moves outside of the footprint of the building. This effect can be mitigated in its simplest form, by making the base of the building wider, essentially widening the footprint.  Mitigation against this can be achieved in other ways, including, through foundation and footing design.  This is depicted in the diagram below:
[image: ]
Figure 5. Building instability (tipping) and the effect of increasing base width.  (Schueller 2016)
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Figure 6. General arrangement of the John Hancock Centre building showing depicting the difference in dimensions of the top and bottom of the structure. (Iyengar, 2000)
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Figure 7. General arrangement of the Trump International Hotel and Tower, showing the difference in width at the top and the bottom of the structure. (Baker et al, 2009)

The bending of the structure is reduced by essentially making the structure stiffer.  In the case of John Hancock building, this stiffness is achieved by cross bracing the lattice framework.  The Trump International building has increased stiffness by using concrete tubes with outrigger beams to satellite/perimeter concrete tubes.  The walls of the central concrete tube are 1.2 m thick. (Baker et al, 2009). Additional stiffness is provided by curtain walls and structural glass panels.

[image: ]
[bookmark: _Hlk89891959]Figure 8. Flexural bending of the structure. (Schueller 2016)

The shear effect on building structural framing is again reduced by stiffening the building.  In steel frame buildings this can be achieved by gussets at the joints, and in most buildings the same effect can be achieved by curtain walls and glass panels.  In the case of the John Hancock building this again has been achieved by external cross bracing and the Trump International building by perimeter tubes and outriggers, supplementing an already stiff central tube.
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Figure 9. Shear effect on lattice structure and effect of bracing. (Schueller 2016)

It is appreciated that the wind effects on tall structures is simplified and does not consider other effects such as torsion.  The structural consideration so far was only to highlight the design criteria and to establish how each design was influenced by the materials used to achieve structural performance.


Impact of the construction at the build site
Before the John Hancock Centre was built, N. Michigan Ave. largely resembled a Parisian boulevard of elegant low- and mid-rise classical buildings. After the Hancock shattered that fragile scale, the avenue became an urban canyon of hulking blockbusters. (Duis and Baer, 2014).  It can be seen that construction of this building was originally out of character with the rest of the avenue and this construction also paved the way for the construction of more tall buildings, eventually changing the whole character of locale.  The impact of the construction activity would have been significant, even with the majority of steel fabrication taking place off-site.  This would have been due to it being one of the first tall buildings on the Chicago skyline and the significant transportation effort to deliver the steel elements.
The Trump International Hotel and Tower benefitted from the vast improvements in modern concrete pumping, which would have reduced the amount of large plant on site as concrete mix was delivered, as it needed to be pumped.  The planning of the development also presented an opportunity to create active open space for the city. (Baker et al, 2009). The tower was constructed on a “platform” 12 m above ground level, providing an open promenade. Additionally, the development created a one-acre landscaped riverwalk. (Baker et al, 2009).  The overall social and environmental impact has therefore improved, with the availability of outdoor open areas and access to green areas. An indication of the lack of disruption caused by construction activity can be inferred from the fact that the lower part of the building was occupied and partially open to the public, whilst the upper levels were still under construction. 
Durability of the framing material to climatic and environmental conditions
The wind effect on the frame structures has been investigated already and commented on.  The climate in Chicago, Illinois is shown in the data table below:
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Table 1. Climate data for Chicago (O’Hare International Airport) 1991 -2020 (normal) and 1871 – present (extremes) (NOAA Online Weather Data)
From the table above it can be seen that the average precipitation for the year is 1038 mm, which includes 99 mm of snow. The average temperature range is -22oC to 36oC. Because of the proximity of the city to Lake Michigan, the subject building frames are subject to a moist air mass.  Apart from snow accretion and the added weight from this, which is negligible, the greatest climatic influences are temperature variation and air moisture. 
Temperature variation has the greatest effect on steel in comparison to concrete.  The concrete having a greater mass and being denser, has far greater resistance to temperature variation and any effect is negligible. As the John Hancock Centre having internal and external steel columns separated by glass, thermal foreshortening was a concern during the design and a maximum temperature differential of 5oF was sought and cold chamber experimental studies were carried out to ensure compliance with the criteria. (Iyengar, 2000).
The moisture effect on concrete if correctly specified, to reduce permeability and sufficient concrete cover on the reinforcing, should have enough resistance to prevent deterioration of the frame.  Steel is obviously at risk of oxidation in contact with moisture and air, causing rusting.  As long as the steel frame is protected by suitable media (galvanising, paint,) and this protection is checked and reinstated often, there should be little deterioration.  The contrast with steel to concrete is that the steel frame is far simpler to repair, should oxidation damage occur.  The fact that John Hancock Centre has been in use for 51 years is testament to its durability.
Environmental Considerations
Berge expounds four rules of Environmental consideration in respect of building materials:
1. Do not take more out of the Earth’s crust than can be replaced.
2. Do not use man-made materials which take a long time to decompose.
3. Maintain the conditions for Nature to keep its production and its diversity.
4. Use resources efficiently and correctly – stop being wasteful. (Berge, 2000)
The Ecology of building materials
Berge categorises four environmental impact considerations in respect of building materials:
Work - The methods used to produce each building component.
Raw Materials – The natural resources and potential for re-use.
Energy – The energy used to produce and transport the materials.
Pollution – Pollution caused during production, use and demolition. (Berge, 2000)
We will examine the last three categories.
Raw materials
According to a review by the World Resource Institute in 1992, The table below demonstrates the reserves of building materials.
	Mineral
	Statistical Reserve (years)

	Aggregate
	Very large

	Gypsum
	Very large

	Iron
	119

	Lime
	Very large

	Carbon
	390



Table 2. Statistical reserves of building materials. (Berge, 2000)
There are very large reserves of the material ingredients of concrete, which has very limited ability for reuse.  Iron reserves, although finite, can be reused with much greater ease and significant efficiency.
Energy
The use of energy in construction and subsequent use and demolition, can be divided into the following categories:
· Direct energy consumption during extraction and production.
· Secondary consumption during manufacture.
· Energy to transport materials.
· Energy consumption on the building site.
· Energy consumption during maintenance.
· Energy consumption during dismantling/demolition and removal. (Berge, 2000)
The following energy consumption data for the production of steel and concrete was determined for Northern Europe, which is similar to North America, and although values may vary and the data is historical and more efficient processes now exist, it can still be used as a comparison, rather than raw data:
	Material
	Primary Energy Usage (MJ/kg)
	Water Used in Process (litres/kg)

	Steel
	12
	3400

	Concrete
	0.6
	170



Table 3. Energy and water use for production of steel and concrete. (Berge, 2000)
Energy used to transport materials is:
	Type of Transport
	Energy used (MJ/ton/km)

	Diesel road
	1.6

	Diesel Sea
	0.6

	Diesel rail
	0.6

	Electric rail
	0.2



Table 4. Energy used for transportation of materials. (Berge, 2000)
[bookmark: _Hlk89975070]Pollution
This is very difficult to quantify due to the different methods of production.  However, below is a table taken from Berge which quantifies pollution in g/MJ, which if related to table 3, will give an approximation for each material.
	[bookmark: _Hlk89971202]Fuel
	CO2
	SO2
	NOx

	Oil for oil firing
	75
	0.5
	0.15

	Natural Gas
	57
	0.01
	0.16

	Coal (low carbon)
	110
	0.03
	0.16

	Coal (high carbon)
	93
	0.01
	0.16



Table 5. Pollution from use of fossil fuel in manufacture of materials. (Berge, 2000)
Pollution due to transportation of materials is:
	Type of transport
	CO2
	SO2
	NOx

	Diesel road
	120
	0.1
	1.9

	Diesel water
	50
	0.3
	0.7

	Diesel rail
	50
	0.05
	0.75



Table 6. Pollution from transportation. (Berge, 2000)
Other pollution can be categorised as waste products, dust, toxic materials (including asbestos for older buildings such as the John Hancock Centre), noise and a myriad of substances. Following the demolition, it is argued that there would be significantly more waste products from a steel reinforced concrete frame than a purely steel frame, which is almost 100% recyclable. Although waste products such as blast furnace slag, glass, foundry sand plastics can be incorporated into concrete and therefore “dispose” of these waste products, there is very limited uses for crushed concrete waste due to the higher leachable material content and problems due to poor grading (too harsh or too many fines). (CIRIA, 1999).  This problem is seriously compounded with concrete containing reinforcing bar.
Frame assembly and ease of adaptation
Steel frame assembly is relatively simple as the components are manufactured off-site and therefore to high dimensional accuracy. The frame components are then transported to site, craned into position, and assembled according to the assembly plan.  The joints can be welded, bolted or riveted together. Quality control of the materials is carried out in the steel mill. Weather and particularly temperature fluctuations have little impact on assembly.
Concrete frame manufacture is more involved as it requires the reinforcing to be constructed, the formwork placed, and the concrete pumped/poured.  The concrete then must set for the formwork to be struck.  Quality control of the mix must be carried out on site and in the laboratory to ensure correct strength is achieved.  The casting of concrete is susceptible to weather and temperature fluctuations.
Steel frame buildings are relatively simple to adapt due to the ability to remove/replace structural elements to achieve a different overall structure.  In fact, the John Hancock building had remodelling carried out on its base in 1994.  Concrete frames are far more difficult to adapt due to the homogenous, single piece nature of the structure.
Conclusion
Whilst comparison of the steel frame and concrete frame has been attempted in this paper, a true comparison cannot be realistically achieved without considering the strength added by other structural components such as walls and structural glass, which add strength and rigidity, and which in most cases would reduce the amount of concrete and steel needed in the frame construction.  These elements were outside of this brief.  
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Climate data for Chicago (Midway Airport), 1991-2020 normals,” extremes 1928-present [hide]
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