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[bookmark: _Toc194086896]1.0 Concrete frame Unite’d’Habitaion Marseilles France
The Unite’d’Habitaion Figure 1 is 24 m wide, 56 m high, 135 m long and is divided into 4 sections by 3 vertical expansion joints Gargiani, R. and Rosellini, A. (2011).  Constructed in Marseilles France from 1947-1952 “the 17-storey block was built to house 1,600 people and was famously conceived as a vertical city in the sky, with integral community facilities such as shops, nursery and restaurant” by the Swiss French architect Le Corbusier Tonbridge (2011).
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[bookmark: _Ref194060592]Figure 1 Unite’d’Habitaion Marseilles France Ballantyne, A. (2012)
An experiment in “mass” housing following the 2nd world war Stoane (2020) and an epoch in architecture Pogharian (1985).  It influenced Brutalist and modern movement architecture O’Sullivan et al (2013).  Along with concepts like Brise soleil Bernardo (2023) and modular prefabrication "Boîte acier tôle" steel box and “bouteilleur” or wine rack Gargiani, R. and Rosellini, A. (2011) Figure 2. 
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[bookmark: _Ref194046104]Figure 2 reinforced concrete and metal skeleton (bouteilleur) Gargiani, R. and Rosellini, A. (2011)  
Modular apartments manufactured off site would slide into the building frame like ‘bottles into a wine-rack" Figure 3; the building frame was going to be steel however concrete was used due to material shortages Millais (2015), with steel on intermediate floors Gargiani, R. and Rosellini, A. (2011) Figure 2.  The modular system was abandoned but “the idea of prefabrication was not and was applied to precast concrete units on the façade and to interior timber panels for the floor and wall construction” Millais (2015).
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[bookmark: _Ref194060672]Figure 3 The bottle rack with 3 types of modular units that slide in Gargiani, R. and Rosellini, A. (2011)  
Corbusier saw the building as a machine for living Tonbridge (2011) with the dimensions of the apartments based on his “Modulor” anthropocentric system Gargiani, R. and Rosellini, A. (2011) Figure 4.
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[bookmark: _Ref194060718]Figure 4 Diagram of the Modulor Gargiani, R. and Rosellini, A. (2011)
The term “brutalism” originated from the French term “béton brut,” meaning raw concrete Ballantyne, A. (2012) Figure 5. 
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[bookmark: _Ref193968124]Figure 5 Béton brut concrete on the Pilotis of Unite’d’Habitaion Gargiani, R. and Rosellini, A. (2011)
The choice of Béton Brut instead of smoothing was economic and was created by the imprint of the wooden formwork Figure 6 Gargiani, R. and Rosellini, A. (2011). Its rough nature also a reflected the difficult times JL Déotte (2013).
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[bookmark: _Ref194052480]Figure 6 Formwork on the Pilotis of Unite’d’Habitaion Gargiani, R. and Rosellini, A. (2011)
The structure stands on Pilotis Figure 7, 1 of Corbusier 5 points of architecture Figure 8.  To achieve the finish the formwork requires meticulously attention to detail, the concrete mix had to be perfect and was susceptible to rain damage; It’s time consuming especially the Pilotis with concrete bucketed in by hand and the formwork had to be left in place until the platform above was constructed due lack of stability Gargiani, R. and Rosellini, A. (2011).  
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[bookmark: _Ref193974898]Figure 7 Pilotis Unite’d’Habitaion Ballantyne, A. (2012)
	1. Buildings should be raised up on columns – pilotis. 


	2. There should be no internal load-bearing walls allowing a planning freedom – plan libre. 


	3. External walls should be non-load-bearing – façade libre. 


	4. Windows should be in long strips – fenêtre en longeur. 


	5. The roof should be flat and used as a garden – toit jardin.



[bookmark: _Ref193974939]Figure 8 Le Corbusier Five Points of Architecture Balletti, C. et al. (2017)
Reinforced concrete allowed Corbusier to achieve his 5 points of architecture; Its ability to withstand high compressive loads means the weight of the building can be transferred onto the pilotis.  Formation of long strip windows would be dependent upon non-load bearing façade which would be impossible to achieve with traditional construction.  The no load bearing inner walls is made possible by connecting the parallel walls (voiles) to each other via the floor slab and this provides stiffness to resist lateral forces such as wind loading Gargiani, R. and Rosellini, A. (2011).

Marseilles has hot summers with mild winters and little rainfall but due to the proximity to the sea it can experience frost, moderate rainfall and strong Mistral (north) winds.  The concrete roof and walls keep indoor air temperatures in summer 2.5K lower due to its thermal mass Staszczuk, A. and Kuczyński, T. (2021).  The building is orientated so the mistral hits the narrow north elevation which is unusual for Marseille Gargiani, R. and Rosellini, A. (2011) and this was done to achieve dual aspect of the coast and mountains in all apartments Figure 9.
[image: ]
[bookmark: _Ref194036542]Figure 9 From above: Apartment floor, corridor floor, ground floor Berlin State Archives (1957) 
Concrete can be poured into complex shapes, and this enabled Corbusier to express his artistic intuition Gargiani, R. and Rosellini, A. (2011) Figure 10.  
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[bookmark: _Ref194049108]Figure 10 Views of the roof Gargiani, R. and Rosellini, A. (2011.
The building's proximity to the sea and defective workmanship, concrete mix and location of steel reinforcement is the cause of many the buildings’ problems Delemontey (2016). A higher water content mix is required to achieve the Breton Brut, so the concrete has higher permeability and lower durability; water permeability allows for chemical attack, frost damage and corrosion of the steel Taylor (2002). A lack of concrete cover over the reinforcement means increased corrosion.  In fact, in some places there is no cover which needed to be rendered over Figure 11.  
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[bookmark: _Ref194061165]Figure 11 Exposed steel reinforcement spalling and cracking of concrete caused by permeability Delemontey (2016)
The way Corbusier designed the building also created problems with noise Figure 13 and fire Figure 12, usually strengths of reinforced concrete Taylor (2002).  
“On 9 February 2012, a violent fire destroyed several apartments and hotel rooms in the Unité d’Habitation. The statement of damage revealed “the weakness of the internal structures in the wooden walls and the utility ducting that spread the fire” Delemontey (2016)
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[bookmark: _Ref194061624]Figure 12 Fire damaged apartment Delemontey (2016)
The modular design meant that bedrooms sat over living spaces thus the need for specialist sound insulation Fischer (2019) and apartments siting on lead shoes, which lead to some residents being uncomfortable with the eerie silence Figure 13 Fischer (2019).
[image: A drawing of a house
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[bookmark: _Ref194061592]Figure 13 The interlocking of the residential units and the overlapping of living and sleeping areas in the Unité d'habitation in Marseille led to a planning crisis due to the increased demands on sound insulation Fischer (2019)
The legacy to the community is mixed, the building is locally known as Maison du Fada (House of the Crazies) and none of the shops are occupied.  The long construction time, design issues, concrete mix and poor workmanship meant that some of the strengths of the concrete frame are lost, and the poor durability of the concrete led to it being described as a permanent construction site Delemontey (2016).  However, it is now a UNESCO listed building and “is respected and even loved by those who choose to live there” Glancey (2013).
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[bookmark: _Toc194086898][bookmark: _Hlk193532780]2.0 Kasumigaseki Building 
Kasumigaseki Building completed in 1968 (Figure 1) is one of the first examples of steel-framed high-rise buildings in Asia and was the first high-rise in Japan to exceed 100 meters in height Gondo et al. (2021).  

[image: A high angle view of a city
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[bookmark: _Ref193537721]Figure 1 Kasumigaseki Building Gondo et al. (2021).
It was constructed in an earthquake-and-typhoon-prone area; steel framed buildings have been shown to perform well in earthquakes Figure 2.
[image: A city destroyed by earthquake

AI-generated content may be incorrect.]
[bookmark: _Ref193524955]Figure 2 Steel frame buildings in downtown San Francisco 1906 earthquake O. Hamburger and O. Malley (2016)
It stands at 147M high with 37 floors above ground and 3 basement floors.  The building is 84 x42.4 M giving a footprint of 3,561.6 M2 and a total of 153,226 M2 for the whole building.  The machinery room is located on the roof level within a penthouse structure Muto (1968).  The lower part of the building is constructed with a combination of OPC concrete, composite reinforced concrete and steel frame up to the 2nd floor and steel frame from the 2nd to 37th floor. The steel used on site was specifically developed by Fuji Steel and has a very high tensile strength Gondo, T. et al. (2021).
Just because a building is made from steel doesn’t mean it will perform well in an earthquake.  Steel buildings are sensitive to cyclic action, so it is essential to consider design; A key weakness in steel frames is the jointing sections Figure 3. 
[image: A close-up of a metal staircase
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[bookmark: _Ref193532634]Figure 3 Fracture in a column at welded beam-to-column connection after an earthquake O. Hamburger and O. Malley (2016)
In modern building design techniques such as strong column weak beam allows the formation of plastic hinges, this allows for the distribution of drift created in an earthquake to be spread over the whole structure Figure 4.
 
[image: A diagram of a grid
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[bookmark: _Ref193532657]Figure 4 Idealised sideway mechanism intended for strong-column/weak-beam design O. Hamburger and O. Malley (2016)
This is achieved through the incorporation of reduced beam sections (RBS) or dog boning Figure 5; this consists on weakening the beam member of the connection to concentrate plastic strains away from the connection/joint and into the beam O. Hamburger and  O. Malley (2016).
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[bookmark: _Ref193532467]Figure 5 Dog bone or RBS section O. Hamburger and O. Malley (2016)
Concentrically braced frames Figure 6 are now commonly used as lateral resisting systems in seismic design of steel buildings Wald and Jandera (2019).
[image: A diagram of a tower
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[bookmark: _Ref193532448]Figure 6 lateral force resisting design Wald and Jandera (2019).
However, the Kasumigaseki building was designed to be a “flexible (soft) structure” Gondo, T. et al. (2021).  The structure consists of a rigid central core frame and a less rigid exterior frame.  The inner core incorporates a shear wall to resist lateral forces with a “slitted (slotted) wall” Figure 7 (reinforced concrete with slits/ slots) the slits provide increased ductility Deng, K. et al. (2017) and allows large deformation by effective interaction with the steel frame Muto (1968).   The need for shear walls is essential because of the wind loading experienced by tall buildings, given the building is at risk of exposure to typhoon strength winds this is an important design element.
[image: Diagram of a structure with text
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[bookmark: _Ref193532426]Figure 7 Slotted RC wall Băetu (2010)
The transverse or floor beams consist of a H section edge or spandrel beam infilled with castellated beam Figure 8 cut from a single wide H was used Muto (1968).  In the Kasumigaseki Building, emphasis was placed on weight reduction Gondo, T. et al. (2021) and castellated beams enable an increased depth which improves strength and stiffness without adding additional weight Barkiah and Darmawan (2021).  The reduction in weight means if the building shakes that there will be less forces to deal with and less kinetic energy to cause damage to the structure. 
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[bookmark: _Ref193532854]Figure 8 Castellated beams and slit wall Muto (1968)
The castellated or honeycomb beams utilised in the building reduced installation time of services as it was easy to pass services through the open spaces Figure 9 and it also made it easier to renovate the building which has happened 3 times since it was built Kumagi (2019). 
[image: A close-up of a metal structure

AI-generated content may be incorrect.] 
[bookmark: _Ref193532819]Figure 9 Castellated beams Gondo, T. et al. (2021).  
Various construction innovations had their origin in the Kasumigaseki Building; Several prefabrication and dry construction technologies were used, particularly in fireproofing materials, electricals, and piping, along with methods for lifting large amounts of materials and personnel to achieve continuous repetitive construction Kumagi (2019). U-shaped deck plates were developed for the floor, this meant concrete could be poured directly onto the floor plate which eliminated the need for time-consuming form work Gondo, T. et al. (2021). 
The use of planning tools such as Program Evaluation and Review Technique (PERT) were used during construction, identifying areas which would slow construction (critical paths (CPM, Critical path method) and this information was fed into a computer (SERAC) which created a schedule for 455,000 people. The detailed planning also meant the project was finished on time and there were no fatalities and therefore minimising the impact on the local community.
The crane on the Kasumigaseki building was modified meaning that the height of the crane could be increased in one day as opposed to the traditional six days Gondo, T. et al. (2021).  
The use of offsite prefabrication and clever design such as the elimination of brackets while connecting the columns and beams Figure 10.  Instead of using short mounting brackets and an infill beam, longer brackets were utilised, eliminating the infill beam which reduces assembly time on site Gondo, T. et al. (2021). 
[image: A drawing of a train track
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[bookmark: _Ref193538228]Figure 10 left image traditional method with infill beam on the right Kasumigaseki building reduces number of brackets Gondo, T. et al. (2021).  
Steel frames can be susceptible to failure with poor fire resistance due to the deformation of key structural elements caused by the high temperatures Liew (2008).  It is important for structural steel elements to be protected by fireproofing materials.  Fireproofing in the Kasumigaseki Building was prefabricated as a moulded plate which was then attached on site using adhesive Gondo, T. et al. (2021).
Steel framing is ideally suited to prefabrication, thus enables much of the work to be carried out in factory conditions providing better conditions for workers.  This reduces erection times due to ease of assemble from the high precision achieved in factory and means construction can be achieved in narrow time windows, especially as the location has high humidity and the risk of dangerous powerful storms making work outside dangerous.  Prefabrication also improves sustainability by minimizing waste and the use of dry techniques reduces risk to local environment Burgan and Sansom (2006). 
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[bookmark: _Toc194086900]3 Comparison of Steel Frame and Concrete Frame Buildings

	
	Steel frame
	Concrete 

	Structural strength and bearing capacity 
	High tensile strength to weight ratio which allows for flexible and light weight designs. 
	Good compressive strength but tensile strength is 1/10th of compressive strength.  Suitable for mass structures and heavy loads.  Lower strength to weight ratio. Elements under tensile or flexural load will normally require some form of reinforcement

	Construction speed 
	Sections are manufactured and fabricated in factory conditions and can be rapidly assembled on site without expensive “falsework”.   Factory work allows for high tolerances meaning fewer install problems. This reduces construction times and environmental delays. 
	Some prefabrication is possible however, the majority of work is done on site.  Requires formwork, reinforcement and curing time.  This makes onsite construction slower and susceptible to environmental delays.  

	Design considerations 
	Wide range of sections and manufacturing techniques allows for increased versatility with steel being consider an architectural material in its own right.  High tensile strength allows for large open spaces.
	The mix can be altered to suit the application however due to the density there is an increased need for columns and reduction of open space spans. 

	WLEC kgCO2e/m2
	228
This is an average value, steel framed buildings that have a smaller footprint and are lighter perform better
	185
This is an average value; RC framed buildings with a large footprint and need to carry heavy loads perform better

	Fire Resistance
	Steel can soften and melt with exposure to extremely high temperatures. It requires the addition of passive fire protection, such as spray-on fireproofing.
	Concrete requires no additional fireproofing treatments. The risk for reinforced concrete is failure of the steel in soffits which is near the surface.  Lower density concretes perform better because they limit heat transfer. 50mm of concrete cover will as a general rule provide 2 hours fire resistance. When a high degree of fire resistance is required, the type of aggregate used is important.

	Environmental 
	High energy is required to produce steel, but less material may be required due to its favourable weight to strength ratio. However, steel is highly recyclable, reducing long-term environmental impact.
	Reinforced or prestressed concrete can be perceived as environmentally attractive materials compared to structural frames because of the high energy needs to produce steel which is confined to limited areas where tensile strength is required. 
Separation of concrete from steel can prove difficult on demolition for reuse countering the argument of environmentally attractiveness. 


	Conduction
	Excellent conductor of heat, electricity and sound. Requires thermal and noise insulation and potential earth bonding for electrical safety.  
	High thermal mass helps control indoor temperatures, mitigating the need for mechanical cooling and heating. Concrete mass provides good acoustic attenuation. 

	Durability 
	Steel is strong, resistant to impact and will undergo go elastic as well as plastic deformation.  Its main weakness is susceptibility to corrosion.  Steel requires protective measures to prevent corrosion such as coatings (which require ongoing maintenance), treatment such as galvanising or use of stainless steel. 
	Concrete can be used as finished surface and modifications in the mix can lead to lasting high-quality finishes. It requires minimal maintenance, and Most problems are water related i.e. frost damage and chemical attack is permeability related. Which mix related for example higher water content will lead to higher permeability and lower durability.   Selection of aggregate will also impact durability, and this will be a compromise of cost vs local availability.  Additives can be used to improve quality, but the low concentration add increased risk of mistakes.  Corrosion of steel in concrete reinforcement is the largest single cause of distress or failure in concrete structures


	Seismic activity and wind loading
	Steel's strength and ductility, make it a safe choice in seismic zones.  Especially in high-rise construction with its ability to resist lateral forces.  Steel framing does very well under high wind loads because it is ductile and because its lighter than an equivalent concrete building of the same height, it there is less mass to generate damaging forces.
	The inherent stiffness, rigidity and low tensile strength means concrete is not naturally suited to areas of high seismic activity or high wind loading forces. Concretes higher mass means it generates great forces if moved which require greater mitigation. However, with proper design and use of additional reinforcement and features such dampeners it can be a viable option.  

	Cost
	Typically, more expensive per unit of material but reduced labour costs due to quicker installation may offset this.
	Initial material costs are low where suitable aggregates are available locally.  However, it is labour intensive and can be adversely impacted by weather conditions.

	Modification and repair
	Can be drilled and additional steel reinforcement bolted on, or sections can be cut out and welded back. 
	Remedial treatment of concrete is often difficult and expensive.  



[bookmark: _Toc194086901]4 Glossary 
ANTHROPOCENTRIC definition: considering humans and their existence as the most important and central fact in the universe. 
Béton Brut Béton Brut or “Concrete left in its natural state still bearing the marks of the metal or wooden mould which shaped it” Clarke (2010)
Brise-soleil is an architectural feature of a building that reduces heat gain within that building by deflecting sunlight.
Brutalist architecture is a style of building design developed in the 1950s in the United Kingdom following World War II 
Castellated Beams are a type of structural beam that have been used in construction for the best part of a century.
Critical Path Method (CPM) is a simple but powerful technique for analysing, planning, and scheduling large, complex projects. It is used to determine a project's critical path — the longest sequence of tasks that must be finished for the entire project to be complete
Falsework is typically associated with the construction of cast-in-place concrete structures, particularly bridge structures
Le Corbusier formerly known as Charles-Édouard Jeanneret-Gris  was born in the small Swiss city of La Chaux-de-Fonds (October 6, 1887 – August 27, 1965) and is widely regarded as the most important architect of the 20th century.
Ordinary Portland Cement (OPC), a common type of cement used extensively in construction for its strength and durability. 
Program Evaluation Review Technique (PERT) is a project management planning tool used to calculate the amount of time it will take to realistically finish a project. PERT charts are used to plan tasks within a project — making it easier to schedule deliverables and coordinate with team members
Modulor is an anthropometric scale of proportions devised by the Swiss-born French architect Le Corbusier 
Shear wall is a structural member used to resist lateral forces, that is, parallel to the plane of the wall.
Spandrel beam is the exterior beam that stretches horizontally from one column to another column. These are also known as edge beams.
Strong Earthquake Response Analysis Computer (SERAC) was a direct current analogue computer used to analyse the response of buildings affected by strong earthquakes.
WLEC Whole Life Embodied Carbon
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