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1.0 Executive Summary

This report aims to describe and compare, through research, the design planning, construction methods and environmental impact of two separate buildings projects. 
2.0 Terms of Reference

2.1 The principal focus’ are:
2.1.1 To describe the design processes, construction methods and environmental impact of two separate building projects.
2.1.2 To compare and contrast the two methods of construction, in terms of durability, sustainability, ease of assembly and climatic resistance.
2.2 The report was constrained by the limited information which was accessible due to the ongoing COVID-19 Pandemic and the need to complete by 03/03/2021.
3.0 Procedure

This section identifies the research sources used.

3.1 The research included secondary sources on the subject of Concrete and Steel frame buildings. This information was gained through websites, books and articles.
3.2 University notes also provided background to the research.
4.0 Findings
4.1 Burj Khalifa

                        Introduction

Construction commenced on the proposed ‘Tallest Skyscraper in the world’ in January 2004. Passing many milestones along the stages of its construction, in just 1,325 days it became the tallest freestanding structure in the world. The 280,000m2 reinforced concrete tower has 165 stories which, rise 828m into the Dubai sky (AboutCivil, 2017).
According to the Burj Khalifa’s website, “Over 45,000 m3 (58,900 cu yd) of concrete, weighing more than 110,000 tonnes were used to construct the concrete and steel foundation, which features 192 piles buried more than 50 m (164 ft) deep. Burj Khalifa's construction will have used 330,000 m3 (431,600 cu yd) of concrete and 39,000 tonnes (43,000 ST; 38,000 LT) of steel rebar, and construction will have taken 22 million man-hours” (Burj Khlaifa, 2021).

Below is a table, highlighting the significant milestones in its construction.

Burj Khalifa Construction Timeline

	 January 2004
	 Excavation started

	 February 2004

	 Piling started

	 March 2005
	 Superstructure started

	 June 2006

	 Level 50 reached

	 January 2007
	 Level 100 reached

	 March 2007
	 Level 110 reached

	 April 2007
	 Level 120 reached

	 May 2007
	 Level 130 reached

	 July 2007
	 Level 141 reached
 world's tallest building

	 September  2007
	 Level 150 reached
 world's tallest free-standing  structure

	 April 2008
	 Level 160 reached
 world's tallest man-made  structure

	 January 2009
	 Completion of spire
 Burj Khalifa tops out

	 September  2009
	 Exterior cladding completed

	 January 2010
	 Official launch ceremony


Structural System

Designers for the Burj Khalifa calculatedly shaped the structural concrete tower, ‘Y’ shaped in plan, to reduce the enormous wind loads which would be in force, due to the scale of the towers elevation. This shape would also keep the structure as ‘simple’ as possible and promote buildability (AboutCivil, 2017).
Consisting of high performance concrete wall construction, the structural system of the Burj Khalifa can be described as a ‘buttressed core’ (see figure 1.0), which means each of the wings buttresses the other by way of a hexagonal central hub. The torsional resistance of the tower is provided by this six sided central core (Burj Khlaifa, 2021).
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Figure 1.0 (Burj Khlaifa, 2021).

Concrete grade & System - Foundation
The foundation for the superstructure consists of several elements, based upon extensive geotechnical and seismic studies. There are 192 no. 1.5m diameter x 43m long reinforced concrete piles (largest and longest in the region) supporting a 3.7m thick reinforced concrete raft (see figure 2.0), which in turn supports the superstructure.
The 12,500m3 of concrete used for the foundation was of a low permeability, high density grade (C50 for the Raft, C60 for the piles) and the reinforced concrete raft is further protected by a cathodic system, which reduces any detrimental effects from possible corrosive chemicals in local groundwater.

The piles were also placed by Tremie method, hence preventing segregation and contamination of the concrete (The Constructor, 2020).
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Figure 2.0 (Research Gate, 2021).
Concrete grade & System - Superstructure
As with the foundation, low permability and highly durable concrete was used for the superstructure itself. This high performance mix was of the C60 & C80 grade and incorporated portland cement, fly ash and aggregates form the local area. The C80 concrete, in particular, is said to be granted a Young’s modulus of 43,800N/mm2  (The Constructor, 2020).

Nevertheless, given the Dubai climate and temperature, there was a possibility of shrinkage. To reduce this risk, the concrete pouring process was carried out at night, at a much cooler temperature, hence decreasing the prospect of moisture being lost too rapidly. To facilitate the required temperature further, the concrete would be cooled at the plant, with some water being mathematically replaced with ice. This would allow the concrete temperature to remain at 28˚C whilst on its route to the project location  (The Constructor, 2020).
To fulfill the requirement of pouring concrete at such a considerable elevation, a strategically designed concrete pumping system was utilised. A meticulously engineered delivery system was paired with three trailer mounted pumps, along with several truck mounted boom pumps and four non-ballasted stationary placing booms to support the system. The three trailer pumps were then combined to form a single pump station, connected to placing booms and secured to platforms of an auto-climbing formwork (Pumps and Systems, 2015).
4.2 The Leadenhall Building

Introduction

Located in the City of London and labelled ‘The Cheesegrater’, the Leadenhall Building is a steel framed, commercial office tower rising 224m into the London skyline.

Due to the Clients aspirations and the significance of protecting the cherished view of the nearby St Pauls Cathedral, the Architects decided on a wedge shaped structure (see figure 3.0), therby accomplishing the required high rise offices whilst also minimising the buildings impact on the view of surrounding architecture (Steel Construction, 2017).
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Figure 3.0 (GIA Chartered Surveyors, 2021)

Design
The utilisation of steel was paramount in the design. The extent to which the material is visibly integrated into the structure is unusual for a skyscraper and this visibility of the construction is said to create a powerful tectonic quality and enable appreciation of its assembly.
As the panoramic lifts were placed on the vertical North elevation of the building, a central core was replaced with a braced steel ‘megaframe’ positioned outside of the building envelope, which provides the required stability (Steel Construction, 2017).

Architects wanted the building to ‘express’ its engineering and construction systems wherever possible and with this architectural creativity, the ‘megaframe’ was designed. According to steelconstruction.info, “Alternative bracing arrangements were proposed, studied and then optimised, leading to an arrangement that is both structurally efficient and architecturally coherent. Vertical columns are provided where they are most needed, on the east, west and north faces, and a diagrid structure on the more lightly-loaded south face. Connections are made through a family of separate fabricated node pieces. This ensures that the complex geometrical relationships between members are always resolved within welded joints and the site connections remain simple and standardised” (Steel Construction, 2017).
Steelwork on the structure is fire and corrosion protected. Furthermore, to aid durability, intumescent coatings were provided in external areas, with cast intumescent caps placed over the ‘megaframe’ fasteners to uphold the aesthetics of the structure (Rogers, Sterk, Harbour & Partners, 2021).
Critically, during the design process, the building was predicted to move sideways, predominantly due to the weight at the North elevation of the structure (the North tower contains all lifts, service risers and WC’s etc…). To counteract this shift, Engineers and Architects deployed an innovative approach known as ‘active alignment’. Although the structure was initially erected vertical, these anticipated movements were continuously monitored and adjustments were made, when necessary, to the ‘megaframe’ diagonals. These crucial adjustments would ‘pull’ the building back into alignment and reverse the sway of gravity (Steel Construction, 2017).
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Figure 4.0 – Model showing the separate Northern core (Rogers, Sterk, Harbour & Partners, 2021).

Prefabrication & speed of construction
To enhance the projects sustainability, safety and improve the quality and speed of construction, 80% of the Leadenhall Building was prefabricated offsite. According to steelconstruction.info, “The most complex steelwork details were developed in workshops based around Arup’s Tekla BIM model. The model fed directly into the procurement process where it was used to explore the construction methodology and co-ordinate the temporary works. It also fed directly into the steel fabrication models, driving automated shop processes” (Steel Construction, 2017).
Above level 5 of the building, all ‘wet’ concrete was eliminated. This was achieved by substituting conventional floor slabs with a precast concrete panel system. This innovative system would have all pockets and circular openings premade, so that all required dowels could be set in place and connected to the specified steel and beams, thus providing shear connection and diaphragm action.

Furthermore, the steel system within the North core consisted of a sequence of storey high tables. These tables, whilst being critical to the integrity of the structure, would also have all services and floor slabs pre-attached to them, thus accelerating the speed of construction further and also limiting the number of required crane lifts (Steel Construction, 2017). 
5.0 Contrast & Compare (Concrete vs Steel)
5.1 Durability & Climatic resistance

Humidity & Rain
Due to the lack of mineral content, concrete is resistant to deterioration due to rot or rust in hot, humid climates. Also, given the low permeability & highly durable concrete used in the construction of the Burj Khalifa, moisture will only be able to enter the structure through joints between the elements. Minimisation of this potential can be controlled by regular inspection and repair if needed (Cement.org, 2021).
Steel on the other hand is quite different. Steel, without protection and in the presence of both moisture and oxygen, is prone to corrosion. Steel can be protected from this process by hot-dip galvanising, thermal spraying, electroplating or sherardizing (Steel Construction, 2021).
Freezing & Thawing
While the concrete is wet, especially in the presence of de-icing chemicals, a potentially destructive weathering factor is freezing and thawing. This deterioration occurs when the moisture freezes and subsequently, the paste or aggregates expand.

One method of avoiding this factor is the system of air entrainment (see figure 5.0). The microscopic air bubbles (voids) added into the concrete mixture are able to accommodate the expansion of water into ice, therefore relieving the potential stress which could be generated (Cement.org, 2021).

According to cement.org, “Concrete with a low water-cementitious ratio (0.40 or lower) is more durable than concrete with a high water-cementitious ratio (0.50 or higher). Air-entrained concrete with a low water-cementitious ratio and an air content of 5 to 8 percent of properly distributed air voids will withstand a great number of cycles of freezing and thawing without distress” (Cement.org, 2021).
However, in this instance, given the location of the Burj Khalifa, a freeze-thaw cycle is highly unlikely.
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Figure 5.0 (The Constructor, 2021)

Generally, steel will not be affected by this issue as it does not absorb moisture. It can, however, be affected by the subsequent stress if this occurs in joints between the elements. Again, this is a factor considered at design stage.

Sulphate attack
A concrete which is not designed properly or possibly not to specification, is susceptible to sulphate attack, carried in soil or water. Sulphates, for example, Calcium Sulphate or Sodium Sulphate, can react with compounds in the cement paste and cause significant enough pressure to gradually deteriorate the concrete (Cement.org, 2021).
For protection against this external attack, low water to cement ratio concretes should be used, along with a specially formulated mix to withstand this issue in sulphate environments (this will be apparent after full ground investigation and soil sampling).
However, this issue is more severe at locations with a regular ‘wetting’ and ‘drying’ cycle and given Dubai’s climate and average rainfall, the Burj Khalifa should not suffer with this problem. The foundation of the Burj Khalifa was also protected with a Cathodic system, thus protecting the concrete from contaminants in the soil and local groundwater (Burj Khlaifa, 2021).

However, steel is also susceptible to atmospheric pollution. The combustion of fossil fuels produce sulphur dioxide, which can react with moisture in the atmosphere to form sulphuric acids. These acids can be harmful to the integrity of a steel structure. Given the Leadenhall Buildings location being in the City of London, this would have been a consideration in the design of the steel frame and the elements to protect it (Steel Construction, 2021).

5.2 Environmental Impact

Concrete/Cement
The production of concrete/cement has a significant impact on the local and worldwide environment, the main issue being CO2. The processes which need to be followed in order to produce cement result in a high output of this gas.

Cement production is the third highest anthropogenic producer of CO2 on the planet, after transport and energy generation and according to greenspec, is responsible for 4-5% of the total world CO2 emissions (greenspec, 2021).

This gas is produced at two different stages:

· Firstly, as a biproduct of burning fossil fuels
· Secondly, from the thermal decomposition of Calcium Carbonate whilst producing cement clinker

· Production of 1tnne of cement produces 780kg of CO2
(greenspec, 2021).

                         Also, the extraction of required raw materials and transport results in:

· Landscape degradation

· Dust & noise

· Visual impact on areas of outstanding beauty

· And energy consumption

      (greenspec, 2021).
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Figure 6.0 – Highlighting cement production process (greenspec, 2021).

Steel
As with cement, steel production has a number of impacts on the environment. The consequences, in terms of CO2, is the release of 6.5% of the planets CO2 emissions, higher than cement. Other air emissions include CO, SOX, NOX and PM2.

Other significant impacts include:

· Coke production – A major pollution source from steel production. Emissions such as coke oven gas, naphthalene, ammonium compounds, coke dust and sulphur are all released from coke ovens
· Waste – Slag, limestone, iron ore impurities, sulphur dioxide and hydrogen sulphide
(greenspec, 2021).
[image: image7.png]



Figure 7.0 – Highlighting steel production process (greenspec, 2021).
5.3 Ease of Assembly

Burj Khalifa
Due to the shear elevation and scale of the project, the buildability and process of transporting the concrete to such a height was an enormous engineering challenge. As discussed previously in chapter 4.1, the Engineers for the project created an innovative, unique delivery system which involved several boom pumps, three trailer mounted pumps and stationary placing booms. This machinery was then combined to form a single delivery system, secured to platforms of an auto-climbing formwork (Burj Khlaifa, 2021).
The Leadenhall Building
The significant constraint in this project was the incredibly tight space in which to work in, with the buildings footprint extending right up to the site perimeter. All elements of the building had to arrive on site prefabricated on a ‘just in time’ basis, due to there being zero set down space.

However, this prefabrication would also speed up the assembly of the structure. According to the Architects of the structure, “The yellow ‘tables’ which make up the north core were each designed to fit perfectly on a long-bed lorry, with three tables making up one level of the core. These were manufactured at a steelwork in Ireland, shipped to Liverpool where the concrete floors were added and services fixed before being driven to site. Each part of the megaframe was fabricated in Wolverhampton, coated with intumescent paint (for fire protection) and sent to site according to a strict timescale" (Rogers, Sterk, Harbour & Partners, 2021).
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