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 Introduction 1
 
 1. Introduction Concrete cellular structures are used extensively for residential buildings. In concept they are structurally simple but they require attention to detail to realise the beneﬁts of ease of construction and economy. This guide is written for the structural engineer who has knowledge of building structures in general but who has limited or no experience of designing concrete cellular structures. It highlights areas that require close coordination between the structural and services engineers, the architect and importantly the system supplier. It also provides guidance on selecting an appropriate solution, sizing the structure and carrying out detailed design. Detailing considerations are explained, some of which have to be considered at the early stages of a project to achieve an efﬁcient building conﬁguration.
 
 1.1 What are cellular structures?
 
 Imagine some boxes, stacked upon one another, to gain a good impression of a cellular building (see Figure 1.1). Each box can be considered to be a cell with walls, a sofﬁt and a ﬂoor. The term cellular structures refers to cellular buildings where the walls of the cells are structural elements.
 
 Figure 1.1 Example of a cellular building. Photo: Outinord International Ltd
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 1 Introduction
 
 Cellular buildings are particularly efﬁcient for residential sectors such as: „ apartments „ hotels „ student residences „ key-worker accommodation „ prisons „ military barracks.
 
 1.2 Why cellular structures?
 
 Where the building use leads to clearly deﬁned, permanent walls, cellular structures are very efﬁcient. In addition to carrying the vertical and horizontal loads the concrete walls can meet the following requirements: „ provision of fire resistance and compartmentation „ provision of acoustic separation „ concealed electrical services distribution „ minimal finishes to walls „ thermal mass, which can be used as part of a fabric energy storage (FES) design. In addition, the systems in this guidance document have been reﬁned to provide the following beneﬁts: „ fast construction „ thin structural zone because the floors span on to line supports (150 to 250 mm depending on floor span) „ party walls as slim as 150 mm (depending on the solution adopted).
 
 1.3 What options are available?
 
 There are three main systems of concrete construction available for cellular structures: tunnel form, crosswall and twinwall. With all these systems the early involvement of the specialist manufacturer or supplier will bring beneﬁts in the form of expert advice and experience. They will be able to maximise the efﬁciency, productivity, buildability and cost-effectiveness of their systems for your project. The various systems are all described below and further expanded in subsequent chapters. An alternative system available for prisons comprises four individual cells cast as one volumetric unit complete with all furniture, sanitary ware and services. This is a specialist product, for which all the design and detailing is undertaken by the supplier. Further information is provided in Appendix A.
 
 1.3.1 Tunnel form
 
 Tunnel form is a formwork system used to form cellular structures from in-situ concrete (see Figure 1.2). The system consists of inverted L-shaped ‘half tunnel’ forms which, when ﬁtted together, form the full tunnel. The system also incorporates gable-end platforms and stripping platforms for circulation and to strike the formwork. The cellular structure is formed by
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 Introduction 1
 
 pouring the walls and slab monolithically. The system uses a 24-hour cycle. The formwork from the previous day’s pour is struck ﬁrst thing in the morning, as soon as the minimum concrete strength has been reached. The forms are then lifted into position for the next pour, the reinforcement ﬁxed and the concrete poured that same day.
 
 Figure 1.2
 
 Figure 1.3
 
 Tunnel form project, University of East Anglia.
 
 High-rise tunnel form project, Paramount, Atlanta.
 
 Photo: Grant Smith Photography
 
 Photo: Outinord International Limited
 
 Tunnel form buildings have been built up to 44-storeys high (see Figure 1.3), but the system is often used for low-rise housing as well. It is widely used across mainland Europe and in other parts of the world.
 
 1.3.2 Crosswall
 
 Strictly, all forms of cellular construction could be referred to as crosswall; however, in recent years the term has been used speciﬁcally to refer to precast concrete crosswall and for ease of reference this meaning has been adopted in this design guide. Crosswall is a modern and effective method of construction that employs factory precast concrete components (see Figure 1.4). Each component is custom designed and manufactured to suit the speciﬁc project. Load-bearing walls across the building provide the means of primary vertical support and lateral stability, with longitudinal stability achieved by external wall panels or diaphragm action taking the load to the lift cores or stair shafts. Structures up to and including 16 storeys have been completed in the UK using crosswall construction. Projects up to 48 storeys high have been built in mainland Europe (see Figure 1.5). The construction method incorporates a series of horizontal and vertical ties, designed to comply with the Building Regulations, which specify that a building should not be
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 Right: Figure 1.4
 
 Typical crosswall project, University of East London. Photo: Bell and Webster Concrete Limited
 
 Far right: Figure 1.5
 
 High-rise crosswall project, Strijkijzer, the Netherlands.
 
 susceptible to progressive collapse. The precast units, which are designed for ease of construction, ﬁt together with the minimum of joints to enable rapid sealing. Units are temporarily propped and then stitched together using a series of hidden joints that are grouted as the works progress.
 
 1.3.3 Twinwall
 
 Twinwall construction is a combination of precast and in-situ concrete construction. Each wall panel consists of two skins of precast reinforced concrete which are temporarily held in position by lattice girder reinforcement. The concrete skins are effectively permanent formwork, with the beneﬁt that they are used structurally in the ﬁnal condition (see Figure 1.6). The weight of a panel the same size as a fully precast panel is therefore reduced, permitting the use of larger panels or smaller cranes. The wall panels are placed in position using similar methods to the crosswall elements. For the ﬂoors, lattice girder slabs are generally used. These have a thin precast concrete sofﬁt often called the ‘biscuit’, which includes the bottom reinforcement and acts as permanent formwork. Once the walls and ﬂoor units are positioned, reinforcement for the slab and to tie the walls and slabs together is ﬁxed. In-situ concrete is then poured into the void in the twinwall panels and on top of the biscuit of the lattice girder slabs.
 
 Figure 1.6 Typical twinwall project. Photo: John Doyle Construction Limited
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 Cellular concrete construction 2
 
 2. Cellular concrete construction 2.1 Maximising the beneﬁts
 
 This section outlines how to maximise the beneﬁts of concrete cellular structures and highlights some of the typical considerations that arise during design and construction. Early discussions with the system suppliers and their continued input during development will enable the beneﬁts to be maximised.
 
 2.1.1 Speed of construction and buildability
 
 Speed of construction and tight construction programmes are primary considerations in most building projects. Understanding the manufacturing and construction processes is essential to producing a structure that is simple to fabricate and erect. Tunnel form, crosswall and twinwall offer signiﬁcant advantages for speed of construction and their main beneﬁts include: „ Systemised construction gives certainty to construction works, enabling a regular rhythm in the construction cycle. „ Systemised construction reduces labour dependencies. „ Careful planning results in the majority of party walls being integral to the final structure with minimal need for infill partitions. „ The cellular concrete walls do not require a full coat of plaster. Good workmanship can also avoid the need for a plaster skim coat, hence less follow-on trades (especially ‘wet’ trades) compared to columns with infill walls. „ Flush walls and ceiling are possible due to lack of columns. Electrical service distribution can be built into the structure. „ High construction tolerance enables use of prefabricated façade units, fit-out units and flooring. „ Repetition of the elements reduces costs, and even complex panels can be costeffective if the moulds are reused a sufficient number of times (see Figure 2.1).
 
 Figure 2.1 Repetition can make complex projects costefﬁcient. Photos: Bison Concrete Products Limited
 
 2.1.2 Robust structure
 
 The continuous cellular walls and ﬂoors are inherently robust and can easily meet the requirements for design against disproportionate collapse with appropriate reinforcement detailing. This is easily achievable with tunnel form and twinwall construction due to the use of in-situ concrete. Precast crosswall construction can also achieve this level of robustness if attention is paid to the detailing and construction of the joints between panels.
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 2 Cellular concrete construction
 
 2.1.3 Hard-wearing quality ﬁnishes
 
 Cellular methods will almost certainly use good-quality facing to the formwork, giving high-quality smooth ﬁnishes. The quality of ﬁnish can be good enough to accept direct ﬁnishes, although often it is desirable to prepare the surface – at worst a skim coat is all that is required. The surface is very hard-wearing, reducing maintenance, especially compared with stud walls. This also gives signiﬁcantly improved security for party walls for luxury apartments or secure accommodation.
 
 2.1.4 Fire
 
 Concrete has its own inherent ﬁre resistance which is present during all construction phases, and is achieved without the application of additional treatments and is maintenance free. As concrete is non-combustible and has a slow rate of heat transfer, it is therefore suitable as a separating material as well as maintaining its structural resistance during a ﬁre. In a cellular structure the use of concrete walls and ﬂoors is ideal for providing compartmentation where required to comply with the Building Regulations. Further details are given in section 3.1.
 
 2.1.5 Acoustic performance
 
 The use of solid concrete walls and ﬂoors gives an inherent acoustic performance. High levels of performance are achieved with tunnel form because of the monolithic nature of in-situ concrete. Precast crosswall and twinwall construction can also achieve high performance through correct detailing and construction of the joints between panels. Further details are given in section 3.2.
 
 2.1.6 Constraints to layouts
 
 Efﬁcient cellular construction requires the principal load-bearing walls to be aligned vertically between ﬂoors. The locations of these walls are usually governed by the need for solid party walls between apartments or between bedrooms in a hotel (see Figure 2.2). Party walls that are not vertically aligned will not be part of the load-bearing structure. However, they can still be formed using the same cellular construction techniques to give acoustic, ﬁre and security beneﬁts. There are sometimes exceptions. Solid load-bearing walls can be used for internal walls in large apartments, either to reduce the ﬂoor span, or to allow a consistent grid determined by other constraints. Similarly, the cellular units for a hotel unit could be constructed as a double room width which is then subdivided with a studwork or masonry party wall. As with all forms of construction, repetition gives signiﬁcant savings in time and material cost. Repetition and systemisation need not be aesthetically dull. Complex layouts can be achieved through careful use of three or four modules in varied combinations. However, developing highly varied layouts without regard to buildability will result in high labour costs and material wastage, regardless of the technique or material used.
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 Bathroom area Corridor
 
 Services riser
 
 a) Linear arrangement
 
 b) Circular arrangement
 
 c) Arrangement around a core
 
 d) Curved arrangement
 
 Figure 2.2 Typical layouts for cellular structures.
 
 The site location and layout will inﬂuence the form of construction chosen. Tunnel form construction requires the formwork to be moved out horizontally from the building before moving along the building or lifted to the ﬂoor above. The tunnel form elements can be split down into a number of smaller units where space is restricted or where there is limited crane capacity. Maximum efﬁciency is achieved using single units for an entire cell.
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 Crosswall construction requires space for deliveries and unloading of the units. Suitable cranage is also required and this can be in the form of tower cranes for high-rise construction or mobile cranes for low-rise construction. Both types of crane will require detailed planning to ensure that all the necessary lifting operations can be performed. The precast units used in crosswall construction can be relatively heavy and therefore the crane may need a higher capacity than for other forms of construction.
 
 2.2 Balconies
 
 Cantilevered balconies can be incorporated into the design for most of the systems. This is simplest to achieve with two-way spanning ﬂoors such as with tunnel form and lattice girder ﬂoors, which provide a backspan to the cantilever. Precast solid slabs also provide a backspan but the length is limited to the panel width and this may restrict the cantilever length.
 
 2.3 Bathroom pods
 
 Bathroom pods are commonly used in this type of building and their use has implications for the design. Bathroom pods are preassembled and self-contained (see Figure 2.3). They include all the bathroom furniture, services and ﬁnishes. All that is required on site is to put them in position and to connect the services.
 
 Figure 2.3 Typical bathroom pods. Photos:Outinord International Limited & Buchan Concrete Solutions
 
 To make efﬁcient use of service risers, bathroom pods are usually located back to back around the service riser. This usually results in four pods concentrated around one area of the slab. This may occur at the walls (supports) or mid-span if alternate walls have been omitted. This later option should be given careful consideration at design stage because there will be a concentrated load as a result of the weight of the bathroom pods.
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 In crosswall and twinwall construction, it is possible with coordinated deliveries to place the pods directly onto the ﬂoor units while the cell is open, before the next ﬂoor slab is placed to close the cellular unit. In tunnel form construction, the formwork is in place on the working ﬂoor and it is therefore only possible to place the pods once the formwork has been struck. Hence the pods are lifted to a loading platform and manoeuvred into position (usually with a winch). This is the same installation method as for conventional concrete structures. Various materials can be used for the structure of the pods including precast concrete, cold-formed steel and composite materials. They usually have a ﬂoor complete with ﬁnishes but increasingly are supplied without a ﬂoor. Where the pod is provided with a ﬂoor it introduces a conﬂict in that, ideally, the ﬁnished ﬂoor surface of the pod should match the surface level of the surrounding ﬂoor. In some situations it is acceptable to have a step from the general ﬂoor level into the bathroom. For tunnel form construction the recess can be formed in the slab below the position of the pod to maintain a level access. The method for precast structures is to use a thinner ﬂoor unit for the span under the pod, and to place a screed over the remaining area of the thinner unit to bring the adjacent ﬂoor up to the same level as the pod ﬂoor. The pods are also the heaviest load on the ﬂoor slab (see Table 2.1), so the thickness of the slab beneath the pod will govern the design. Therefore the minimum thickness of the supporting slab is usually 150 mm. Table 2.1 Typical loads from bathroom pods.
 
 Type of bathroom pod
 
 Typical loading (kN/m2)
 
 Lightweight steel frame
 
 2 to 3
 
 Composite materials
 
 3 to 4
 
 Precast concrete
 
 5 to 8
 
 Notes 1. The weight of bathroom ﬁttings has been ignored (can be considered to be imposed loads). 2. An appropriate wall ﬁnish has been assumed to the external faces of the pod. 3. No allowance has been made for heavy ﬁnishes such as wall and ﬂoor tiles.
 
 2.4 Early coordination of services
 
 The early coordination of services is key to achieving an efﬁcient design: „ The services in a residential building are widely distributed – every unit requires plumbing, heating and lighting. This is in contrast to other uses for buildings where the plumbing is located in discrete areas. „ The residential sector requires each unit to have independent, metered supplies. „ Horizontal services distribution is only possible along corridors, as opposed to the flexibility of a commercial project with a suspended ceiling. „ Every unit has vertical distribution of waste pipes which have to be coordinated with the structural frame.
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 Right Figure 2.4a) Electrical services distribution cast into wall. Photo: Outinord International Ltd
 
 Above Figure 2.4b) Detail showing electrical services distribution cast into wall. Photo: Buro Happold
 
 As well as the need to coordinate, as noted above, this form of construction also enables the ﬁrst ﬁx for services to be incorporated within the concrete construction (see Figure 2.4a & b). This is more durable and aesthetically pleasing compared to surface-mounted distribution. This does require a different approach to procurement. An earlier start to detailed design and setting out of the services is required. Hence the mechanical and electrical engineering contractor should be engaged sufﬁciently early in the project to allow embedded services to be detailed before work on the structure starts on site. This also allows the opening sizes to be sufﬁcient for the needs of the project without being made unnecessarily large to allow for all eventualities. Overly large openings increase costs in terms of structure, ﬁreprooﬁng the openings, and the resulting loss of usable ﬂoor area.
 
 2.5 Servicing routes
 
 For most cellular structures the water and waste services will be distributed vertically to each unit or pair of units. A vertical riser is usually located in the bathroom area in the corner adjacent to the corridor (for maintenance access) and an adjoining unit. A key decision to be made early on is whether to have a riser for each room or for there to be one riser for each pair of rooms (see Figure 2.5). Having one riser for each room has a number of advantages: „ The wall dividing the units is taken through to the corridor and avoids flanking noise. „ The wall provides a vertical support adjacent to the corridor, simplifying the floor structure. „ Plan layouts are more flexible: the bathrooms do not need to be located back to back. However, providing one riser for a pair of units also has advantages: „ There are less risers required: one supply pipe can service two units, hence the cost of services is reduced. „ The floor area required for servicing the building is reduced. „ Less fire resistance is required.
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 Cellular concrete construction 2
 
 Figure 2.5 Alternative arrangements for services risers.
 
 Non-structural walls
 
 Services riser
 
 Structural concrete wall
 
 Non-structural walls
 
 Services riser
 
 Structural concrete wall
 
 Typically, both solutions will be adopted to service a varied ﬂoor layout. For example, the suites in the prime corner location on a hotel ﬂoor plan will have a single riser, while pairs of standard rooms with back-to-back bathroom pods will share a riser.
 
 2.6 Screeds and toppings 2.6.1 Specifying a screed
 
 Specifying the correct depth and type of screed starts early in the design process. Ideally, the use of a screed should be avoided by ﬁnishing in-situ concrete so that it is suitable to receive the ﬂooring. Levelling screeds are likely to be used with solid precast units whereas it is more likely that a structural topping (wearing screed) will be used with hollowcore units and lattice girder slabs. With hollowcore ﬂoors the screed may form part of the design against disproportionate collapse and may also be part of the composite ﬂoor. In lattice girder ﬂoors, the structural topping (wearing screed) will always act compositely with the precast concrete and it is more appropriate to consider the cast-in-situ portion of the slab as structural concrete. In tunnel form construction the requirement for a screed is usually avoided, but smoothing compounds using latex or synthetic polymer may be required prior to laying the ﬂoor ﬁnishes.
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 The screeds can be either a traditional cement–sand screed or more recently developed proprietary pumpable self-smoothing screeds. The appropriate uses for these different types of screeds are explained below.
 
 2.6.2 Deﬁnitions
 
 There are particular deﬁnitions which it is important to understand when specifying screeds. The latest versions of Parts 1, 2 and 7 of BS 82041,2,3 adopt the European deﬁnitions which can cause some confusion. The deﬁnitions are given below with clariﬁcations where necessary. Screed Types
 
 Deﬁnitions
 
 Bonded
 
 Screed laid onto a mechanically prepared substrate with the intention of maximising potential bond.
 
 Cement–sand screed
 
 Screed consisting of a screed material containing sand up to a 4 mm maximum aggregate size.
 
 Fine concrete screed
 
 Screed consisting of a concrete in which the maximum aggregate size is 10 mm.
 
 Levelling screed
 
 Screed suitably ﬁnished to obtain a deﬁned level and to receive the ﬁnal ﬂooring. It does not contribute to the structural performance of the ﬂoor.
 
 Pumpable self-smoothing screed
 
 Screed that is mixed to a ﬂuid consistency, that can be transported by pump to the area where it is to be laid and which will ﬂow sufﬁciently (with or without some agitation of the wet material) to give the required accuracy of level and surface regularity. It should be noted that pumpable selfsmoothing screeds are often known as self-levelling screeds.
 
 Unbonded
 
 Screed intentionally separated from the substrate by the use of a membrane.
 
 Wearing screed
 
 Screed that serves as ﬂooring. This term was formally known as high-strength concrete topping. It is also used to refer to structural toppings as well as wearing surfaces.
 
 2.6.3 Which type of screed? Cement–sand screeds These are traditional screeds and are suitable for all applications, provided they are speciﬁed correctly. The biggest drawback is the drying time; BS 82034 estimates the drying time for a sand–cement screed as one day for each millimetre of screed thickness up to 50 mm thick. Further guidance on drying times can be found in the code.
 
 Calcium sulfate pumpable self-smoothing screeds These screeds can be laid as bonded or unbonded. They can be laid in much larger areas than cement–sand screeds, at a rate of around 1000 m2/day. However, they must not be used with reinforcement because the calcium sulfate is corrosive to steel in damp conditions. They are also generally not suitable for use in damp conditions or where wetting can occur. These screeds are all proprietary products and therefore vary from one supplier to
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 another; the guidance given here is therefore generic and the manufacturer should be consulted before specifying. If they are intended to be used as a wearing screed (structural topping) then the manufacturer should be consulted.
 
 2.6.4 Thickness of levelling screed
 
 Bonded cement–sand screed Recommendations for levelling screeds are given in BS 8204 Part 11, which recommends that the minimum thickness of a bonded levelling screed should be 25 mm. To accommodate possible deviations in the ﬁnished levels of the structural concrete, the speciﬁed thickness should normally be 40 mm (with a tolerance of ±15 mm); this ensures a minimum screed thickness of 25 mm. However, CIRIA report 1845 recommends that a tolerance of ±10 mm be adopted with a nominal depth of 35 mm. This minimises the risk of debonding, but it should be noted that the tolerances speciﬁed for the top surface of the base concrete should be compatible. Where the bonded screed needs to be greater than 40 mm the following options are available to reduce the risk of debonding: „ Use modified screed or additives to reduce the shrinkage potential. „ Use fine concrete screed, which reduces the shrinkage potential; this has been used successfully up to 75 mm.
 
 Bonded calcium sulfate pumpable self-smoothing screed Recommendations for pumpable self-smoothing screeds are given in BS 8204 Part 73, which recommends the minimum thickness of a bonded screed should be 25 mm. Manufacturers quote maximum thicknesses of up to 80 mm and therefore there are less restrictions on the overall thickness. A nominal depth of 40 mm with a tolerance of ±15 mm can be comfortably speciﬁed.
 
 Unbonded cement–sand screed The screed thickness should not be less than 50 mm, therefore to allow for deviations in the ﬁnished levels the speciﬁed design thickness should be a minimum of 65 mm for a tolerance of ±15 mm.
 
 Unbonded calcium sulfate pumpable self-smoothing screed The screed thickness should not be less than 30 mm, therefore to allow for deviations in the ﬁnished levels the speciﬁed design thickness should be a minimum of 45 mm for a tolerance of ±15 mm.
 
 2.6.5 Thickness of wearing screed (structural topping)
 
 Bonded screed Recommendations for wearing screeds are given in BS 8204 Part 22, which recommends the minimum thickness of a bonded wearing screed should be 20 mm (in contrast to the 25 mm given for a levelling screed in Part 1). To accommodate possible deviations in the ﬁnished levels of the structural concrete, the recommended thickness is 40 mm. However, the guidance in CIRIA Report 1845 recommends that a tolerance of ±10 mm is adopted
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 with a nominal depth of 30 mm. The speciﬁcation for the base concrete surface should be compatible. In some circumstances the design thickness will have to be increased above 40 mm, but it should be noted that there is an increased risk of debonding. For hollowcore units, which often have an upwards camber, especially for longer spans, a nominal thickness of 75 mm, rather than 40 mm, should be speciﬁed. The risk of debonding is mitigated because it is usual to use a concrete of class C25/30 or above and mesh reinforcement. Using concrete rather than sand–cement screed reduces the shrinkage potential and the reinforcement in particular controls the drying shrinkage. This should ensure there is sufﬁcient depth at mid-span (i.e. the point of maximum camber) to allow for lapping the reinforcement while still maintaining cover to both surfaces. Even so, loose bars or mesh reinforcement with ‘ﬂying ends’ may be required to allow lapping of the reinforcement near the point of maximum camber.
 
 Unbonded screed The wearing screed should be at least 100 mm thick, but to minimise the risk of curling, consideration should be given to increasing the depth to 150 mm.
 
 2.6.6 Other design criteria for screeds
 
 Other criteria may have an impact on the design including: „ slip, abrasion and impact resistance „ type of traffic on the floor „ levels and flatness „ appearance and maintenance „ type of flooring to be used or applied „ drying out moisture in screed „ location of movement joints. There is insufﬁcient space to give any further details here, but BS 82041,2,3 and CIRIA report 1845 give ample guidance and should be referred to.
 
 2.6.7 Base preparation
 
 For all types of bonded screeds (both sand–cement screeds and calcium sulfate screed) preparation of the base is of paramount importance. The structural concrete base should be at least class C28/35 concrete with a minimum cement content of 300kg/m3. For precast units the surface of the units should be left rough during production and should be thoroughly washed and cleaned, for example by wire brushing, to remove all adhering dirt. Where required, the joints between the units should be grouted at least one day before the screed is placed. Where the levelling screed is designed to act compositely with the units and additional preparation of the units is required, contained shot-blasting equipment should be used to avoid damaging the units.
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 Cellular concrete construction 2
 
 Where any bonded screed is required over in-situ concrete then all contamination and laitance on the base concrete should be entirely removed by suitable mechanised equipment to expose cleanly the course aggregate. All loose debris and dirt should be removed preferably by vacuuming.
 
 2.7 Cladding
 
 With tunnel form construction the ends of each ‘cell’ are open, with no structure. The cladding system therefore requires some form of support. This is the same situation as for any other framed building and the same cladding systems are available. The gable ends of tunnel form are solid concrete walls and therefore the cladding can be ﬁxed directly to it. For twinwall and crosswall construction it is more usual to close the end of each cell with a precast panel. These panels can be plain concrete and when they have been placed, the cladding can be ﬁxed directly to them. Alternatively, the cladding material can be preﬁxed to the precast concrete in the factory and the completed panel is then brought to site. There are many materials that can be ﬁxed to the cladding panel including bricks, brickslips, tiles and stone facings such as granite, limestone and slate. Alternatively, sandwich panels can be used, where insulation is ﬁxed between two concrete layers. This avoids the requirement to place insulation within the building footprint, thus saving internal space and removing an additional trade. Further information can be found in Precast Concrete for Buildings6.
 
 2.8 Internal walls
 
 2.9 Stability
 
 Corridor walls and dividing walls between rooms are usually constructed using concrete block walls or dry lining. It is particularly important to consider the detailing of the corridor walls to avoid ﬂanking noise.
 
 In general, cellular structures are good at resisting lateral loads. The number of structural walls make these types of structure very stiff. However, there are occasions when the stability design requires further consideration. Examples are as follows: „ Where lateral loads act perpendicular to the walls in tunnel form construction, or in crosswall/twinwall construction where there are no structural panels at the ends of each cell. „ Where shear walls are placed around the lifts and/or stairs, the floor must act as a diaphragm. If precast floor units are used, they should be adequately tied together. Further guidance can be found in Multi-storey Precast Concrete Framed Buildings7. „ For taller buildings using precast wall panels the bearing interface between the panels should be checked. Further guidance can be found in Multi-storey Precast Concrete Framed Buildings7. Temporary stability has not been considered explicitly in this document but should be considered during construction. The designer should make the contractor aware of the permanent stability system and request method statements demonstrating temporary stability.
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 2 Cellular concrete construction
 
 2.10 Ground insulation
 
 Residential structures may require insulation to the ground ﬂoor to meet the requirements of Approved Document L8. The amount of ﬂoor insulation required is dependent upon the size, shape and the ratio between the perimeter and area (P/A) of the building footprint. A competent person should determine whether a speciﬁc project requires ground-ﬂoor insulation. Where insulation is required it can be accommodated with both suspended and groundbearing slabs. In both cases the insulation can either be placed beneath or above the slab. Where insulation is required beneath a ground-bearing slab, there are insulation products available to transfer the loads from the slab to the ground without crushing.
 
 2.11 Airtightness
 
 Approved Document L8 requires pre-completion pressure testing. Failing these tests means a time-consuming process of inspecting joints and interfaces, resealing where necessary. All the systems in this publication have ﬂat sofﬁts and simple edge details which are easy to seal, and consequently have a low risk of failure.
 
 2.12 Movement joints
 
 For structures over 30 m in length movement joints may be necessary. It is not within the scope of this publication to provide guidance on this subject; however, detailed advice can be found in Movement, Restraint and Cracking in Concrete Structures9.
 
 2.13 Coordination of design
 
 The system supplier will often undertake the design of the system components but there should be one engineer who takes overall responsibility for the structural design. This engineer should understand the principles of the design of the system and ensure it is compatible with the design for other parts of the structure, even where some or all of the design and details of those parts and components are made by others. When the specialist system supplier is appointed, the roles and responsibilities of the designers should be clearly set out, especially when the specialist is taking signiﬁcant design responsibilities.
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 3. Performance of concrete in buildings 3.1 Fire resistance
 
 Table 3.1 Minimum dimensions and axis distances for reinforced concrete slabs.
 
 Standard ﬁre resistance
 
 As noted in section 2.1.4, concrete is inherently ﬁre resistant. The design standards for concrete provide guidance to enable the designer to ensure suitable performance in ﬁres of varying duration. Eurocode 2, Part 1–2: Structural ﬁre design10 gives a choice of advanced, simpliﬁed or tabular methods for determining the ﬁre resistance. The simplest method to use is the tabular method and a summary of the appropriate tables are presented here in Tables 3.1 and 3.2. The term axis distance is explained in Figure 3.1.
 
 Minimum dimensions (mm) One-way spanning slaba,b
 
 Two-way spanning slaba,b,c,d ly/lx ≤ 1.5e
 
 1.5 45 Pass
 
 60 ≤ 62 Pass
 
 Bonded carpet
 
 200 mm precast concrete
 
 ‘Artex’ plaster
 
 47 > 45 Pass
 
 34 ≤ 62 Pass
 
 50 mm screed bonded 6 mm carpet
 
 250 mm in-situ concrete
 
 Painted
 
 57 > 45 Pass
 
 39 ≤ 62 Pass
 
 Bonded 5 mm carpet
 
 225 mm in-situ concrete
 
 15 mm polystyrene on aluminium grids
 
 59 > 45 Pass
 
 42 ≤ 62 Pass
 
 65 mm screed on resilient layer
 
 200 mm precast hollowcore concrete
 
 12.5 mm plasterboard on channel support
 
 50 > 45 Pass
 
 Tiled ﬁnish with resilient backing
 
 250 mm in-situ concrete slab
 
 Metal framing system, 15 mm plasterboard with 13 downlighters
 
 55 > 45 Pass
 
 55 ≤ 62 Pass
 
 Note This table is based on data from test results available on The Concrete Centre website, www.concretecentre.com. New data are being added as and when available.
 
 Table 3.5 Results from pre-completion testing of concrete walls.
 
 Finish
 
 Structure
 
 Finish
 
 Airborne result
 
 2 mm plaster skim
 
 180 mm in-situ concrete
 
 2 mm plaster skim
 
 47 ≥ 45 Pass
 
 None
 
 180 mm in-situ concrete
 
 None
 
 48 ≥ 45 Pass
 
 Paint ﬁnish
 
 150 mm solid precast concrete
 
 Paint ﬁnish
 
 45 ≥ 45 Pass
 
 Two layers of 12.5 mm plasterboard supported by channel system with 70 mm Isowool in cavity
 
 150 mm precast concrete
 
 12.5 mm plasterboard on 38 mm × 25 mm battens
 
 51 ≥ 45 Pass
 
 Note This table is based on data from test results available on The Concrete Centre website, www.concretecentre.com. New data are being added as and when available.
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 3 Performance of concrete in buildings
 
 3.2.4 Typical details
 
 Floors There are three robust details for ﬂoors that are relevant to cellular concrete structures. Detail E-FC-2 (see Figure 3.2) is suitable for in-situ concrete slabs and requires a 200 mm thick concrete ﬂoor slab and 40 mm of screed or 250 mm of concrete ﬂoor slab and no screed. This detail can be combined with a drywall separating wall (ref. E-WS-2). Where an alternative wall speciﬁcation is used PCT should be a carried out on the wall.
 
 Figure 3.2 Robust Detail for in-situ solid slab (E-FC-2).
 
 Floating floor *
 
 250 mm (min) in-situ concrete floor slab, or 200 mm (min) in-situ concrete floor slab and 40 mm (min) bonded screed *
 
 Ceiling treatment * 12
 
 * See Robust Details handbook for full details
 
 Two separating ﬂoors (E-FC-1 and E-FC-4) use precast concrete units. For both options the units should be 150 mm thick and have a mass of 300 kg/m2. This means that a minimum 150 mm solid unit can be used or a minimum 200 mm hollowcore unit can be used (depending on the supplier). All the options require additional ﬂoor and ceiling treatments; further details can be found in the Robust Details handbook. These details are quite onerous and, if tested, are almost certain to pass the performance standards and probably by some margin providing they are well constructed. The examples given in AD E may also be referred to. These give examples for in-situ and precast concrete ﬂoors. Floor type 1.1C (see Figure 3.4) can be used for in-situ concrete, with or without a permanent shuttering (so it is suitable for twinwall options). The minimum mass per unit area is 365 kg/m2, so a 160 mm thick slab can be used. It must be combined with a soft ﬂoor covering (i.e. carpet) or better (see AD E) and plasterboard ceiling with either timber battens or proprietary resilient channels. Hollowcore units spanning perpendicular to the wall have been used and have achieved positive test results.
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 Performance of concrete in buildings 3
 
 Figure 3.3 Robust Details for precast concrete ﬂoors slab (E-FC-1 and E-FC-4).
 
 Floating floor *
 
 40 mm (min) bonded screed *
 
 150 mm (min) precast concrete floor plank (minimum 300 kg/m2)
 
 Ceiling treatment
 
 65 mm (min) cement-sand screed
 
 Proprietary resilient layer *
 
 150 mm (min) precast concrete floor plank (minimum 300 kg/m2)
 
 Ceiling treatment * 12
 
 * See Robust Details handbook for full details
 
 Right: Figure 3.4
 
 Floor type 1.1C (Approved Document E). Far right: Figure 3.5
 
 Floor type 1.2B (Approved Document E).
 
 Separating floor type 1.1C carried through
 
 Screed Timber batten
 
 Precast concrete
 
 Fill gap between head of wall and underside of floor
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 3 Performance of concrete in buildings
 
 Floor type 1.2B (see Figure 3.5) is suitable for precast concrete ﬂoors; again the minimum mass is 365 kg/m2. A minimum of 160 mm solid slab or a minimum of 200 mm hollowcore slab with a 50 mm bonded screed will be suitable. A regulating ﬂoor screed should be used; the joints must be fully grouted and soft ﬂoor covering (i.e. carpet) or better used (see AD A). The ceiling treatment should be plasterboard on proprietary resilient bars with absorbent material. The above examples are not prescriptive and the performance requirements can be met with alternative details with advice from acoustic specialists.
 
 Walls Although there are Robust Details using concrete blocks, there are no Robust Details for solid concrete walls. The only example detail available is wall type 1.2 in AD E (see Figure 3.6). The requirements for this detail are a minimum mass of 415 kg/m2 and plaster on both room faces. A 180 mm wall with 2 mm skim coat of plaster on each face should achieve a density of 415 kg/m2 and is usually the minimum used for houses and ﬂats, where the airborne sound insulation requirement is 45dB. Walls between rooms for residential purposes have a lower requirement of 43dB and therefore a narrower wall could be justiﬁed if necessary. Indeed a series of tests on 150 mm-thick walls with just a paint ﬁnish had the following results: 43, 44, 45 and 50dB. Figure 3.6
 
 ≤180
 
 Wall type 1.2 (Approved Document E).
 
 In-situ concrete
 
 Wall finishes
 
 Other considerations Where it is required to form recesses in the walls (e.g. for electrical sockets) they should be offset to minimise the passage of sound. An important part of meeting the performance requirements is the junctions between elements and good detailing in these locations is required. Both the Robust Details handbook and AD E give guidance. In particular, ﬂanking noise should be minimised. While an element may be a good sound insulator, noise may still be transmitted via other routes such as through junctions between elements, through services risers, through corridors linking rooms or through the cladding. All these potential routes should be considered and addressed in the detailing.
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 3.2.5 Sound transmission via stairs
 
 Whatever the material used for stairs, they can transmit impact sounds to the adjacent dwelling. Therefore, staircases should be isolated from the adjacent rooms and supported on elastomeric bearings or similar.
 
 3.3 Thermal mass
 
 Concrete has a high thermal mass, which makes it ideal to use as part of a fabric energy storage (FES) system. FES utilises the thermal mass of concrete to absorb internal heat gains during a summer’s day to help prevent overheating and providing a more stable internal temperature. Night cooling purges the accumulated heat from the slab, preparing it for the next day. FES can be used on its own or as part of a mixed-mode system to reduce the energy requirements. The important requirement is to expose the walls and sofﬁt of the slab, or at least allow the air from the room to ﬂow in contact with the concrete. This impacts on the structural solution and should be considered at the early stages of a project. Thermal mass can also be used to maintain warmth in a building during the winter, particularly if part of a passive solar design system. Further guidance can be found in Thermal Mass13,Thermal Mass for Housing14 and Utilisation of Thermal Mass in Non-residential Buildings15.
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 4 Structural support
 
 4. Structural support 4.1 Foundations
 
 There are two foundation conﬁgurations which generally occur for cellular frames. Cellular structures can be supported by transfer structures above open-plan areas (i.e. a hotel accommodation above with public areas on lower ﬂoors), which result in concentrated loads in columns. Foundations are likely to be pile caps or large pads located under the columns. Where the cellular structure continues to the foundation level, the options are wide strip footings or piled ground beams. Here the ground beam acts as a pile cap, i.e. the interface between the piles and the wall. It is worth examining several piled options. Using many, smaller piles means using a smaller ground beam with short spans between each pile. Using fewer, larger piles requires the introduction of pile caps (or a very wide ground beam) and signiﬁcant spanning of the wall between piles. Where there are few piles, the wall and ground beam design is similar to a transfer structure.
 
 4.2 Transfer structures
 
 A transfer structure occurs where the load-bearing walls stop before they reach the foundations and the load path needs to be supported at discrete column or beam locations. This can be an expensive part of the structural frame and care is needed to ensure that efﬁciency savings of the cellular construction are retained. A complex transfer structure to support cellular construction could prove less efﬁcient than using a conventional ﬂat slab and column solution. This is where high-quality engineering can result in signiﬁcant savings for a client, or even enable unviable schemes to become commercially viable. Common situations requiring transfer structures are: „ hotel rooms above column-free function rooms „ mixed-used developments with residential units above open-plan offices or shops „ residential developments with basement car parking.
 
 4.3 Options for transfer structures
 
 There are a number of transfer beam options that can be used. The choice will depend on constraints placed upon the design. Clearly, completely column-free spaces require heavier transfer structures than for layouts that can include intermediate columns.
 
 4.3.1 Option 1: Transfer beam
 
 This is a tried and trusted method and should be familiar to all reinforced concrete designers (see Figure 4.1). The beam could span from one side of the building to the other, or have intermediate supports. The latter will produce a smaller beam.
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 Structural support 4
 
 Figure 4.1 Transfer beam under wall.
 
 First floor
 
 Transfer beam Ground to first-floor column
 
 4.3.2 Option 2: Lowest level of wall acts as transfer beam
 
 Where the columns can be placed near to the ends of wall panels, or where an interstitial plant zone would not need a corridor opening, the resulting solid panel can act as a storey deep transfer beam, sometimes with a thicker section. The wall acts as a deep beam to spread the loads from above to the supporting columns (see Figure 4.2). There are particular
 
 Figure 4.2 Lowest level of wall used as transfer beam.
 
 Wall acts as transfer beam First floor
 
 Ground to first-floor column
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 design considerations to consider in this option, as listed below: „ At 200 mm or less the ‘deep beam’ will be particularly narrow, therefore the layout of the reinforcement should be considered at the early stages to ensure that the required reinforcement can be fitted within the element. „ Eurocode 216 includes some particular rules for the design of deep beams which should be followed. „ There will be some load from the adjacent floor that is carried at the lowest part of the beam and which may require additional link reinforcement (often referred to as ‘hangup steel’) to resist the tension forces this imposes at the bottom of the beam. „ The bearing area at the supports will be small and consequently the local stresses will be high and should be considered in more detail. „ The construction sequence is important and should be clearly conveyed to other members of the team, especially the contractors. „ The additional reinforcement will slow down the first lift of the construction using tunnel form. However, overall it is probably less time-consuming than constructing a transfer beam before starting the tunnel form construction. „ With crosswall, this method is only practical when one panel can span between the supports; even then careful consideration as to how the lower floor is supported is required. „ It is unlikely that this method can be used with twinwall construction due to the fact that there is insufficient space for the flexure reinforcement.
 
 4.3.3 Option 3: Strut and tie design
 
 The third option is to use the strut and tie design method to reduce the depth and/or width of the transfer beam. This technique is not widely used in the UK, but Eurocode 216 offers more guidance than was provided in BS 811017. It is outside the scope of this guide to explain the principles and application of this method. The ﬁgures below show how the strut and tie method could be used in a variety of situations to produce an economic design. However, many buildings do not have lintels across the corridors due to low ceiling height or services distribution along the corridor ceiling void; a lintel or beam is critical for adopting this stability concept. Figure 4.3 shows lintel beams across the corridor together with a strong transfer beam. In many cases this can provide the required lateral stability. Figure 4.4 shows no lintel beams and no transfer beam. The pinned struts across the corridor result in a mechanism, hence stability cores are required. Checks are also required to ensure the strut action has a valid load path; for example, vertical service risers often punch through the strut load path. Figure 4.5 shows the consequences of offset openings. In these cases, the out-of-balance forces require an additional column and/or stability cores.
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 Figure 4.3
 
 Vierendeel action above openings
 
 Transfer structure using strut and tie with beam under wall.
 
 Compression in wall evenly distributed to beam
 
 Tension in beam
 
 Below: Figure 4.4
 
 Design using strut and tie to minimise transfer structure.
 
 Compression in columns
 
 Below right: Figure 4.5
 
 Transfer structure – inﬂuence of door openings. Significant vierendeel action above openings
 
 Structure above openings acts as prop/tie, i.e. pinned
 
 Balanced compression forces
 
 Low compression in narrow width
 
 High compression in narrow width Strut
 
 Poor lateral stability requires strong cores
 
 Strong couple to provide lateral stability
 
 Tie
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 4.4 Robustness
 
 Where a column or wall is supported at its lowest level by an element other than a foundation, alternative load paths should be provided in the event of the accidental loss of this element. In in-situ reinforced concrete the reinforcement can generally be used to tie the structure together. Where ties are not or cannot be provided, either: „ the vertical member should be demonstrated for ‘non-removability’. Non-removability may be assumed if the element and its connections are capable of withstanding a design action at a limit state of 34 kN/m2 in any direction over the projected area of the member together with the reactions from attached components, which themselves are subject to a loading of 34 kN/m2. These reactions may be limited to the maximum reaction that can be transmitted; or „ each element should be considered to be removed one at a time and an alternative load path demonstrated. Further guidance on designing the ties for crosswall construction is given in section 5.10.
 
 30
 
 Cellular Buildings.indd 30
 
 09/09/2008 11:56:04
 
 Crosswall construction 5
 
 5. Crosswall construction 5.1 Site
 
 The site layout, location and boundary conditions may impact on the design and construction of a crosswall project. The particular design considerations to consider for a crosswall project are arrangements for unloading the units. It is far more efﬁcient to use a ‘just in time’ delivery system, where the units are lifted from the lorry into their ﬁnal position. In this case an unloading area that can be used throughout the working day is required. The location and size of the crane are also important considerations, especially as precast units tend to require a crane with a higher lifting capacity. In particular the need to oversail beyond the site, especially public highways or railways (note that Network Rail will not allow oversailing) may well inﬂuence the crane location or perhaps even the structural solution.
 
 5.2 Initial sizing
 
 The preliminary sizes given in this section are focused on strength requirements; other requirements such as acoustics (see section 3.2) may also determine the minimum requirements. Manufacture, transportation and placing of the units impose limits on the maximum sizes (see section 5.8). More detailed worked examples are provided in Appendix B.
 
 5.2.1 Slabs
 
 The initial sizing of solid concrete ﬂoors and hollowcore can be undertaken using the data in Figures 5.1 and 5.2. Solid units can be cast up to 3.6 m wide and generally span 2.5 to 4.0 m. Hollowcore units are cast 1.2 m wide and can span up to 16 m. Key
 
 350
 
 Characteristic imposed load 1.5 kN/m2 (Ψ2= 0.3) 2.5 kN/m2 (Ψ2= 0.3) 5.0 kN/m2 (Ψ2= 0.6) 7.5 kN/m2 (Ψ2= 0.6)
 
 300
 
 Slab depth (m)
 
 Figure 5.1 Initial sizing of hollowcore ﬂoor units, non-composite.
 
 250
 
 200
 
 150
 
 100 5
 
 6
 
 7
 
 8
 
 9
 
 10
 
 11
 
 12
 
 13
 
 14
 
 Span (m)
 
 Design assumptions Reinforcement
 
 fpk = 1770 N/mm2, stressed to 70%.
 
 Loads
 
 A superimposed dead load (SDL) of 1.50 kN/m2 (for ﬁnishes, services, etc.) is included. BS EN 199018, Expressions (6.10a) and (6.10b) have been used.
 
 Concrete
 
 Grade C45/55, density 25 kN/m3, 20 mm gravel aggregate.
 
 Fire and durability Fire resistance 1 hour; exposure class XC1.
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 Figure 5.2 Initial sizing of solid ﬂoor units, one-way spanning
 
 200
 
 Key
 
 1.5 kN/m2 (Ψ2= 0.3) 2.5 kN/m2 (Ψ2= 0.3) 5.0 kN/m2 (Ψ2= 0.6)
 
 Slab depth (mm)
 
 Characteristic imposed load
 
 150
 
 7.5 kN/m2 (Ψ2= 0.6)
 
 100 2.0
 
 Single span, m 2.0
 
 2.5
 
 3.0
 
 3.5 Span (m)
 
 4.0
 
 4.5
 
 5.0
 
 2.5
 
 3.0
 
 3.5
 
 4.0
 
 4.5
 
 5.0
 
 Overall slab depth, mm IL = 1.5 kN/m2
 
 115
 
 115
 
 115
 
 115
 
 120
 
 134
 
 149
 
 IL = 2.5 kN/m2
 
 115
 
 115
 
 115
 
 115
 
 127
 
 142
 
 158
 
 IL = 5.0 kN/m3
 
 115
 
 115
 
 115
 
 126
 
 141
 
 159
 
 175
 
 IL = 7.5 kN/m2
 
 115
 
 115
 
 119
 
 135
 
 153
 
 170
 
 190
 
 Reinforcement, kg/m² (kg/m³) IL = 1.5 kN/m2
 
 3 (29)
 
 3 (28)
 
 4 (31)
 
 4 (35)
 
 6 (50)
 
 7 (55)
 
 7 (50)
 
 IL = 2.5 kN/m2
 
 3 (29)
 
 3 (29)
 
 4 (33)
 
 5 (46)
 
 6 (47)
 
 7 (52)
 
 8 (54)
 
 IL = 5.0 kN/m3
 
 3 (30)
 
 4 (34)
 
 5 (40)
 
 6 (47)
 
 7 (53)
 
 8 (53)
 
 11 (62)
 
 IL = 7.5 kN/m2
 
 4 (32)
 
 5 (40)
 
 6 (50)
 
 7 (55)
 
 8 (54)
 
 10 (60)
 
 11 (57)
 
 Design assumptions Reinforcement
 
 fyk = 500 N/mm2.
 
 Cover
 
 cnom = 20 mm; Δc dev = 0 mm.
 
 Loads
 
 A superimposed dead load (SDL) of 1.50 kN/m2 (for ﬁnishes, services, etc.) is included. BS EN 199018 , Expressions (6.10a) and (6.10b) have been used.
 
 Concrete
 
 Grade C35/45, density 25 kN/m3, 20 mm gravel aggregate.
 
 Fire and durability Fire resistance 1 hour; exposure class XC1.
 
 5.2.2 Walls
 
 Generally the walls are sized to be as narrow as possible to increase the net ﬂoor area. There may be occasions, such as in tall buildings where there are high compressive loads, or adjacent to long ﬂoor spans where there are high bending moments due to the notional eccentricity of the wall, when a thicker wall is required. Each precast manufacturer will have their own minimum wall thickness that they are prepared to use and this will usually be in the range 150 to 175 mm. Where the walls are party walls a thickness of 180 mm is generally used, for acoustic reasons. These thicknesses are all for walls with two layers of mesh reinforcement.
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 Where a wall element has a lot of openings or the openings are close to the end of the wall then care should be taken to ensure that the unit has sufﬁcient strength during lifting operations.
 
 5.3 Structural support at openings
 
 Generally, the precast ﬂoor units will span onto the precast walls, but there will be occasions when there are openings in the walls and an alternative structural support is required. One method is to design the precast ﬂoor units to span in two directions; more usually steel sections are used to support the ends of the units. A variety of options are shown in Figure 5.3.
 
 Figure 5.3 Structural support at openings (e.g. spanning corridors).
 
 Concrete or grout infill
 
 Precast unit
 
 Precast unit
 
 Concrete or grout infill
 
 Precast unit
 
 a) Two-way spanning precast units
 
 Steel channel section precast to concrete unit
 
 c) Integral steel channels
 
 b) Precast units supported by UB or UC steel section
 
 Grout
 
 Precast unit
 
 Steel angle section
 
 d) Precast units supported on back-to-back angles
 
 Grout
 
 Precast unit
 
 Steel T-section
 
 e) Precast units supported on inverted T-section
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 5.4 Concrete
 
 To make efﬁcient use of the moulds, it is important to strike the elements in the factory as quickly as possible. For this reason precast concrete manufacturers prefer to use higherstrength concrete than is generally used for in-situ concrete. The typical class of concrete used for crosswall panels is C35/45. Self-compacting concrete is also increasingly used in the precast factory to reduce the use of vibrators to compact the concrete. This improves working conditions as it reduces an operation which in an enclosed environment is noisy and which also causes vibration to the user.
 
 5.5 Finishes
 
 Generally high-quality ﬁnishes are achieved with precast concrete. This is due to a combination of high-quality formwork, an internal working environment, use of self-compacting concrete and consistent workmanship. Precast concrete should achieve a Type B ﬁnish according to BS 811017. If required, a Type C ﬁnish can be achieved, but there is likely to be a premium to pay for this and it should only be speciﬁed where it is needed. An alternative to specifying Type C is to use a suitable paint or skim coat of plaster. Alternatively there are other systems available, such as ﬁllers, which can be used instead of gypsum plaster, and which can prove to be more cost-effective. If a quality ﬁnish is required on both sides of the wall then it should be cast vertically so that both faces are cast against a shutter. A set of battery moulds enables the vertical casting of many wall units simultaneously (see Figure 5.4). Hollowcore units are usually cast by extruding the concrete and therefore high-quality ﬁnishes are not possible. A skim of plaster or other alternative can be used to achieve a suitable ﬁnish. For exposed concrete, designers need to be clear that it is not possible to specify unequivocally the visual quality of ﬁnish required, for example colour and consistency. The way to achieve the required ﬁnishes is through communication between the design team and the precast concrete manufacturer. In this way there will be common understanding of the look required and what can be achieved.
 
 Figure 5.4 Battery moulds. Photos: Bell and Webster Concrete Limited and Bison Concrete Products Limited
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 5.6 Screeds
 
 Levelling screeds are likely to be used with crosswall and solid precast units, but only in the corridors and entrance ways to each bedroom/dwelling. This is shown in Figure 5.5, where the use of a screed is avoided over the deep ﬂoor units. A screed is used over the shallow ﬂoor units, which support the bathroom pods, to bring the general ﬂoor level up to the level of the bathroom ﬂoor. This has the advantage of being able to take up any tolerances in the screed which can be tied into the level of the bathroom pod and the adjacent solid precast concrete units.
 
 Figure 5.5 Plan showing use of screed in crosswall construction. KEY Precast wall 225 mm-thick slab 150 mm-thick slab with 75 mm screed 150 mm-thick slab supporting bathroom pod Steel lintel
 
 5.7 Design details
 
 The precast concrete panels should be designed to make the casting, striking and erection as simple as possible. A brief outline of some of the design considerations to consider and typical details are given in this section. Wherever possible a mesh should be used to reinforce the section; it is quicker and simpler to ﬁx a mesh than loose bars.
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 5 Crosswall construction
 
 Figure 5.6 Detailing of unit to allow striking of unit.
 
 Chamfer to allow striking of unit
 
 Opening
 
 Precast concrete unit
 
 Casting bed
 
 Where there are openings within a panel, consideration should be given to striking the panel. A chamfer is usually needed to allow striking (see Figure 5.6). On site, wall panels will be joined together. Figure 5.7 shows typical details for joining two or three panels, including a vertical tie if required for robustness. Figure 5.8 shows an example of a connection during construction. Figure 5.7 Plan details showing typical wall panel connection details. Wire loop
 
 Vertical tie
 
 Vertical tie Vertical tie
 
 Grout
 
 Grout
 
 Grout
 
 Wire loop
 
 Wire loop
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 Figure 5.8 Panel-to-panel connection. Photo: Bell and Webster Concrete Limited
 
 Figure 5.9
 
 Slab panels should also be ﬁxed together and typical details are shown for the junction between solid slab units and wall panels (see Figure 5.9) and hollowcore units and panels (see Figures 5.10 and 5.11).
 
 Wall to solid ﬂoor connection details.
 
 Horizontal tie
 
 Grout
 
 Grout
 
 Wire loop
 
 Horizontal tie
 
 Vertical tie
 
 Wire loop
 
 Vertical tie a) Internal wall to solid slab
 
 b) External wall to solid slabs
 
 Figure 5.10 Wall to hollowcore ﬂoor connection details.
 
 Shims for tolerance Concrete infill
 
 Mortar bed
 
 Vertical tie
 
 a) Internal wall to hollowcore slab
 
 Grout Horizontal tie Horizontal tie placed in open trough
 
 Horizontal tie
 
 Grout
 
 Horizontal tie placed in open trough Vertical tie
 
 b) External wall to hollowcore slab
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 5 Crosswall construction
 
 Right: Figure 5.11
 
 Wall to hollowcore ﬂoor connection. Photo: Bison Concrete Products Limited
 
 Far right: Figure 5.12
 
 Use of A-frame to transport panels to site. Photo: Bell and Webster Concrete Limited
 
 5.8 Construction
 
 Construction is a critical aspect on a crosswall project and the precast concrete manufacturer will be well versed in achieving a solution that is fast to erect and will be able to give advice. It is not the intention in this short section to cover all the design considerations, rather to highlight those that should be considered in the early stages of the project. Consideration of the site layout has already been discussed in section 5.1. Design considerations in the sizing of panels are: „ crane capacity at the precast yard „ crane capacity on site, which reduces with increasing radius „ layout configuration to minimise number of units, e.g. maximise external panel length by enclosing more than one room „ access to site „ maximising the number of units on a wagon to minimise journeys „ transportation places limitations on the size and weight of the units. Wall panels are usually transported on A-frames (see Figure 5.12) because they are easier and safer to lift in a more upright position. Slab panels will be transported in a horizontal position and they should be limited to 3.5 m width to avoid additional transportation costs. Once the wall units have been lifted into position they must be temporarily propped until the ﬂoor above has been placed and grouted. Usually push–pull props are used and these are ﬁxed to wall panels and ﬂoor units via cast-in ﬁxings which have to be made good once the props are removed. Perimeter walls can be erected with edge protection attached to remove the need for scaffolding. When everything is positioned correctly, and any tie reinforcement placed, the junctions are grouted up. To avoid using formwork and to avoid unsightly grout runs thixotropic grout can be used, which is mechanically mixed to ensure consistency and strength and then pumped into place. The erection of the wall panels and ﬂoor units will be rapid. As an indication, six to eight rooms can be erected in a day and the lead time will be 12 weeks 19.
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 5.9 Tolerances
 
 5.9.1 Production tolerances
 
 It is essential to fully consider tolerances at the design stage to improve buildability and quality of the ﬁnished building. This section introduces the tolerances that should be considered.
 
 In the Eurocode system, recommended production tolerances are provided in the product standards for precast concrete. The production tolerances can be varied in the execution speciﬁcation and the values here are for guidance only, but note stricter tolerances may incur a cost premium. As a reference the tolerances for length, cross-section and squareness given in BS 8110 are given in Table 5.1, which are currently used by the UK precast concrete industry. Table 5.2 gives the tolerances of lengths, heights, thickness and diagonal dimensions for wall elements from BS EN 1499220. Table 5.3 gives the tolerance for length, width and thickness for ﬂoors from BS EN 1374721. The European product standard introduces two classes for tolerances, the tighter standard, class A, being generally more onerous than BS 8110, but Class B is less stringent.
 
 Table 5.1 Tolerance for precast elements from BS 8110: 1997.
 
 Section property Permitted deviation Reference dimensions 0–3.0 m
 
 3–4.5 m
 
 4.5–6 m
 
 6–12 m
 
 Length, squareness
 
 ± 9 mm
 
 ± 12 mm
 
 ± 18 mm
 
 Reference dimensions 0–0.5 m
 
 0.5–0.75 m
 
 0.75–1.0 m
 
 1.0–1.25 m
 
 Cross-section
 
 ± 9 mm
 
 ± 12 mm
 
 ± 15 mm
 
 ± 6 mm ± 6 mm
 
 Note: The tolerance for squareness is the difference between the two diagonal dimensions.
 
 Table 5.2 Tolerance for wall elements from BS EN 14992: 2007.
 
 Class
 
 Permitted deviation
 
 Reference dimensions
 
 0–0.5 m
 
 0.5–3 m
 
 > 3–6 m
 
 > 6–10 m
 
 > 10 m
 
 A
 
 ± 3 mm
 
 ± 5 mm
 
 ± 6 mm
 
 ± 8 mm
 
 ± 10 mm
 
 B
 
 ± 8 mm
 
 ± 14 mm
 
 ± 16 mm
 
 ± 18 mm
 
 ± 20 mm
 
 Note: These tolerances are applicable to lengths, heights, thickness and diagonal dimensions. The tolerance for squareness is the difference between the two diagonal dimensions
 
 Table 5.3 Tolerance for ﬂoor elements from BS EN 13747: 2005.
 
 Section property
 
 Permitted deviation
 
 Length
 
 ±20 mm
 
 Width
 
 +5 mm –10 mm
 
 Thickness
 
 ±10 mma
 
 Key: a For ﬂoor units less than 100 mm thick refer to BS EN 13747.
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 5 Crosswall construction
 
 5.9.2 Erection tolerances
 
 Erection tolerances are the geometrical tolerances relating to location, verticality and other aspects of construction assembly. The erection tolerances are provided in BS EN 1367022, which is due for publication in 2008. The tolerances may be amended in the execution speciﬁcation; in the UK the National structural concrete speciﬁcation for building construction (4th edition)23 will reﬂect the requirements of EN 13670, with some amendments to reﬂect UK practice.
 
 5.9.3 Construction tolerances
 
 Construction tolerances are the combination of production and erection tolerance, but are not necessarily a summation of the production and erection tolerances. BS EN 13670 introduces the ‘box’ principle in which all elements must ﬁt within their prescribed envelope or box. Further advice is given in the guidance notes to the National Structural Concrete Speciﬁcation for Building Construction23.
 
 5.9.4 Bearings
 
 Clause 10.9.5.2 of Eurocode 216 gives detailed guidance on determining the bearing lengths for precast elements and should be referred to.
 
 5.9.5 Coordination with other building elements
 
 The construction tolerances for the structural frame should be considered when detailing the interfaces with other building elements. BS 560624 gives good guidance on how to consider these variations in the design. An example is forming an opening in a precast panel into which a window is to be ﬁxed. The opening should be speciﬁed larger than the window to allow for variations (see Figure 5.13). BS 5606 gives guidance on how to determine how much larger the opening should be. A further example where consideration should be given to tolerances is the appearance of the façade. Given that panels will vary in size, as will the position and size of the openings within the panels, there should be a clear understanding of how the panels should be set out. A number of options exist including: „ setting out the panels to give a constant joint thickness „ setting out the panels so that windows are aligned „ setting out the panels so the centre point of the panels are aligned. Discussion and coordination are the most effective ways of achieving a design that overcomes tolerance issues.
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 Crosswall construction 5
 
 Figure 5.13
 
 Max. space between components
 
 Designing to allow for dimensional variations.
 
 Min. space Max. comp.size Target comp. size Min. comp. size
 
 Min. joint size
 
 Max. joint size
 
 Max. joint size
 
 Min. joint size
 
 5.10 Robustness
 
 Design of buildings to resist disproportionate collapse is a requirement of the Building Regulations. This section explains how to meet the requirements for crosswall construction.
 
 5.10.1 Building classes
 
 Precast concrete structures require careful detailing to ensure that the structure is robust and meets the requirements of Approved Document A25. This classiﬁes buildings according to type and occupancy for the purpose of designing to resist disproportional collapse. Table 5.4 summarises the requirements for the occupancy of buildings likely to be constructed using crosswall.
 
 Table 5.4 Building classes and corresponding tying requirements.
 
 Class Building type and occupancy
 
 Tying requirements
 
 1
 
 House not exceeding four storeys.
 
 No additional measures.
 
 2A
 
 Five-storey occupancy houses. Hotels, ﬂats, apartments and other residential buildings not exceeding four storeys.
 
 Horizontal ties; or Effective anchorage of ﬂoors to supports.
 
 2B
 
 Hotels, ﬂats, apartments and other residential buildings exceeding four storeys, but not exceeding 15 storeys.
 
 Horizontal ties and vertical ties; or Allowance for removal of support (refer to Approved Document A).
 
 3
 
 Hotels, ﬂats, apartments and other residential buildings exceeding 15 storeys.
 
 Systematic risk assessment (refer to Approved Document A)
 
 The types of tie required for a Class 2B building are shown in Figure 5.14 and can be summarised as: „ floor ties – connecting floors over an internal wall „ horizontal perimeter ties – connecting floors to perimeter walls „ internal ties – running parallel to the internal walls „ peripheral ties – around the perimeter of the floor „ vertical ties – connecting vertical walls to provide continuity. The tying requirements for a Class 2A building are similar, except the vertical ties can be omitted. Further details of the ties are shown in Figure 5.15 for solid ﬂoor units, and Figure 5.16 for hollowcore ﬂoor units. Class 3 buildings are outside the scope of this guide but guidance can be found in BS EN 1991-1-7 Annex B26 and New approach to disproportionate collapse27.
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 5 Crosswall construction
 
 Figure 5.14 Ties for crosswall construction.
 
 Internal tie Vertical tie
 
 Vertical tie
 
 Horizontal perimeter tie Peripheral tie
 
 Vertical tie
 
 In-situ concrete
 
 Minimum (f + 2Hagg + 10)
 
 Gable beam
 
 Projecting bars
 
 Perimeter tie
 
 In-situ infill
 
 At least one (often two) core(s) opened for approximately 300 mm
 
 Tie bar diameter f
 
 Above: Figure 5.15
 
 Position of internal tie within longitudinal joints of hollowcore units. Right: Figure 5.16
 
 Perimeter tie a) Plan
 
 Plug in open cores b) Section
 
 Perimeter ties where hollowcore units span parallel to the edge beam.
 
 5.10.2 Design of ties
 
 Eurocode 2, Part 1-128 gives guidance on the design of ties as detailed in the following subsections.
 
 Peripheral ties At each ﬂoor and roof level an effectively continuous tie should be provided within 1.2m of the edge. Structures with internal edges (e.g. atria and courtyards) should also have similar peripheral ties.
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 Crosswall construction 5
 
 The peripheral tie should be able to resist a tensile force of: Ftie,per = (20 + 4no) ≤ 60 kN where: no = number of storeys.
 
 Internal ties At each ﬂoor and roof level, internal ties should be provided in two directions approximately at right angles. The internal ties, in whole or in part, may be spread evenly in slabs or may be grouped at walls or other positions. If located in walls, the reinforcement should be within 0.5m of the top or bottom of the ﬂoor slabs. In each direction the tie needs to be able to resist a force, which should be taken as: Ftie,int= (1/7.5)(gk + qk)(lr/5)Ft ≥ Ft where: (gk + qk) = average permanent and variable floor actions (kN/m2) lr = greater of the distances (in metres) between centres of the columns, frames or walls supporting any two adjacent floor spans in the direction of the tie under consideration Ft = (20 + 4n0) ≤ 60 kN (where n0 is the number of storeys). The maximum spacing of internal ties should be limited to 1.5lr.
 
 Ties to walls Walls at the edge and corner of the structure should be tied to each ﬂoor and roof. In corner walls, ties should be provided in two directions. The tie should be able to resist a force of: Ftie, fac = maximum (2Ft; ls Ft/2.5; 0.03NEd) where: Ftie, fac Ft ls NEd
 
 = in kN/m run of wall = (20 + 4n0) ≤ 60 kN (where n0 is the number of storeys) = floor-to-ceiling height (in metres) = total design ultimate vertical load in wall or column at the level considered.
 
 Tying of external walls is required only if the peripheral tie is not located within the wall.
 
 Vertical ties Each wall panel carrying vertical load should be tied continuously from the lowest to the highest level. The tie should be capable of resisting the load received by the wall panel from any one storey under accidental design situation. Figures 5.17 and 5.18 show typical details for vertical ties.
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 5 Crosswall construction
 
 Figure 5.17 Typical vertical tie details.
 
 Reinforcement U-bar cast into slab panel
 
 Slab panel
 
 Wall panel Void cast into wall panel Wall panel
 
 Reinforcement placed after panel erected
 
 Vertical tie cast into wall panel
 
 Bolt connecting vertical tie to vertical tie in panel below
 
 Reinforcement from panel below a) Bespoke vertical ties cast into wall panels
 
 b) Reinforcement placed in-situ
 
 Figure 5.18 Vertical ties cast into wall. Photos : Bison Concrete Products Limited *. and Bell and Webster Concrete Limited †
 
 Bespoke tie prior to casting into panel *
 
 Connection detail joining two bespoke vertical ties *
 
 Tie using standard reinforcement †
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 Tunnel form construction 6
 
 6. Tunnel form construction 6.1 Site
 
 6.2 Initial sizing
 
 6.2.1 Tunnel form system capabilities
 
 The site layout, location and boundary conditions may impact on the design and construction of a tunnel form project. The particular issue to consider for a tunnel form project is whether the formwork modules can be lifted clear of the building so they can be moved to their next position. Generally 5 m clearance is required on one side of the building, although shorter tunnel form units can be manufactured (but these will slow productivity). It may be possible to oversail adjacent land but the risk should be assessed on a case-by-case basis (note that Network Rail will not allow railways to be oversailed).
 
 The preliminary sizes given in this section are focused on strength requirements; other requirements such as acoustics (see section 3.2) may also determine the minimum requirements.
 
 The typical fabrication sizes of tunnel forms are given in Figure 6.1. Any combination of two half-tunnel modules is possible, allowing every room width between 2400 mm (2 × 1200 mm modules) and 6600 mm (2 × 3300 mm modules). It is also possible to mix modules, for example a 3000 mm room width can be achieved using 1200 mm and 1800 mm modules. Spans under 2000 mm can be accommodated using CAM-action tunnels, which are full tunnels. Wider tunnels can be formed with the use of a table form between the two half tunnels, but this slows down the process because an extra lift is required. The length of the tunnel form elements are between 2.5 and 12.5 m in 1.25 m increments. Any ﬂoor-to-ceiling height between 2.46 and 3.50 m can be accommodated with the tunnel forms, although this should be consistent from ﬂoor to ﬂoor. Small variations in wall height can be incorporated by using higher kickers with the same forms. Double-height walls (up to 4.5 m) can be achieved using extension legs. This allows double-height living space in duplex apartments, or an open stairwell/hallway for low-rise construction or lobby/concierge areas.
 
 6.2.2 Structural sizes
 
 Slabs The initial sizing of the ﬂoor can be carried out using the data in Figure 6.2. Tunnel form can support slabs up to 350 mm thick. The tunnel forms can be strengthened to accomodate deeper slabs.
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 6 Tunnel form construction
 
 Figure 6.1 Details of the tunnel form modules.
 
 Maximum width Horizontal panel Additional Sliding panel panel 950 5-400 250
 
 Maximum width Horizontal panel 2150
 
 2150
 
 34
 
 34
 
 Sliding panel 250
 
 Minimum width
 
 Minimum width 250 950 Horizontal panel Vertical panel
 
 Additional panel 5-900
 
 250 Horizontal panel
 
 Vertical panel
 
 Articulated diagonal strut
 
 2366
 
 2366
 
 Articulated diagonal structure
 
 Triangulation brace
 
 Triangulation brace Lower triangulation Triangulation wheel (raised during casting to avoid loading slab)
 
 Lower triangulation Triangulation wheel (raised during casting to avoid loading slab)
 
 Removable wheel with jack
 
 Removable wheel with jack
 
 1200-1600 mm Self-weight 130 kg/m2
 
 2400-3300 mm Self-weight 110 kg/m2
 
 a) Small module
 
 b) Large module
 
 Maximum width Additional panel Horizontal panel 5-600 1550
 
 34
 
 Minimum width 1550
 
 Sliding panel 250
 
 250 Horizontal panel
 
 CAM — action to allow shrinking of formwork
 
 Vertical panel
 
 2366
 
 Articulated diagonal strut
 
 Triangulation brace Lower triangulation Triangulation wheel (raised during casting to avoid loading slab)
 
 Removable wheel with jack 1800-2400 mm Self-weight 120 kg/m2
 
 c) Medium module
 
 < 2000 mm
 
 d) CAM — Action full tunnel
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 Figure 6.2 Initial sizing of one-way spanning slabs.
 
 350
 
 Key Characteristic imposed load
 
 2.5 kN/m2 (Ψ2= 0.3) 5.0 kN/m2 (Ψ2= 0.6)
 
 300
 
 Slab depth (mm)
 
 1.5 kN/m2 (Ψ2= 0.3)
 
 7.5 kN/m2 (Ψ2= 0.6)
 
 Single span (dotted) 250
 
 200 Multiple span (solid) 150
 
 100 4.0
 
 6.0
 
 5.0
 
 7.0
 
 9.0
 
 8.0
 
 Span (m)
 
 Single span, m
 
 4.0
 
 5.0
 
 6.0
 
 7.0
 
 8.0
 
 9.0
 
 Overall slab depth, mm IL = 1.5 kN/m2
 
 129
 
 159
 
 191
 
 233
 
 281
 
 334
 
 IL = 2.5 kN/m2
 
 136
 
 168
 
 200
 
 238
 
 286
 
 338
 
 IL = 5.0 kN/m3
 
 150
 
 185
 
 223
 
 259
 
 311
 
 374
 
 = 7.5 kN/m2
 
 162
 
 198
 
 237
 
 275
 
 338
 
 397
 
 IL
 
 Reinforcement, kg/m2 (kg/m3) IL = 1.5 kN/m2
 
 6 (46)
 
 8 (52)
 
 11 (57)
 
 13 (54)
 
 15 (54)
 
 19 (56)
 
 IL = 2.5 kN/m2
 
 6 (44)
 
 8 (50)
 
 11 (54)
 
 15 (62)
 
 19 (65)
 
 19 (56)
 
 = 5.0 kN/m3
 
 7 (50)
 
 10 (56)
 
 12 (56)
 
 18 (70)
 
 19 (60)
 
 23 (62)
 
 IL = 7.5 kN/m2
 
 8 (51)
 
 11 (55)
 
 15 (62)
 
 18 (66)
 
 23 (68)
 
 24 (60)
 
 5.0
 
 6.0
 
 7.0
 
 8.0
 
 9.0
 
 IL
 
 Multiple span, m 4.0 Overall slab depth, mm IL = 1.5 kN/m2
 
 125
 
 133
 
 158
 
 185
 
 230
 
 271
 
 = 2.5 kN/m2
 
 125
 
 141
 
 167
 
 194
 
 235
 
 276
 
 IL = 5.0 kN/m3
 
 128
 
 156
 
 183
 
 215
 
 257
 
 301
 
 IL = 7.5 kN/m2
 
 136
 
 165
 
 197
 
 226
 
 273
 
 327
 
 IL
 
 Reinforcement, kg/m2 (kg/m3) IL = 1.5 kN/m2
 
 4 (36)
 
 6 (47)
 
 8 (48)
 
 10 (55)
 
 12 (53)
 
 14 (52)
 
 IL = 2.5 kN/m2
 
 6 (48)
 
 8 (53)
 
 8 (49)
 
 13 (65)
 
 12 (52)
 
 14 (52)
 
 IL = 5.0 kN/m3
 
 8 (59)
 
 10 (63)
 
 12 (67)
 
 15 (69)
 
 17 (67)
 
 20 (68)
 
 = 7.5 kN/m2
 
 10 (71)
 
 13 (76)
 
 15 (77)
 
 17 (77)
 
 20 (73)
 
 23 (71)
 
 IL
 
 Design assumptions Reinforcement
 
 fyk = 500 N/mm2. Main bar diameters and distribution steel as required. To comply with deﬂection criteria, service stress, σs, may have been reduced.
 
 Loads
 
 A superimposed dead load (SDL) of 1.50 kN/m2 (for ﬁnishes, services, etc.) is included. Expressions (6.10a) and (6.10b) have been used.
 
 Concrete
 
 C32/40, density 25 kN/m3, 20 mm quartzite (gravel) aggregate.
 
 Fire and durability
 
 Fire resistance 1 hour; exposure class XC1.
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 6 Tunnel form construction
 
 Walls Generally the walls are sized to be as narrow as possible to increase the net ﬂoor area and will vary depending on the structural, acoustic and thermal requirements. Often the minimum wall thickness will be determined by the acoustic requirements. There may be occasions, such as in tall buildings where there are high compressive loads on the lower walls, or adjacent to long ﬂoor spans where there are high bending moments due to the notional eccentricity of the slab loading, when a thicker wall is required. The tunnel form systems can accommodate wall thicknesses of 100 to 600 mm. Optimum construction usually results in 180 mm thick walls; primarily due to acoustic rather than structural requirements.
 
 6.3 Concrete placing and curing
 
 Any slim concrete wall requires a concrete mix with good workability. This is best achieved through the use of superplasticisers or water-reducing agents, as opposed to increased water content which could reduce strength and durability. A workable mix, combined with a skilled use of vibrators, results in a surface suitable for direct ﬁnishes. The small increase in mix cost is more than saved in the time and cost of not requiring a follow-on trade to apply a surface ﬁnish. Trials should be conducted on site to ensure that the mix and proposed placement result in a good surface ﬁnish. A key feature of the tunnel form system is the use of heaters during the winter months to ensure sufﬁcient concrete strength gain to permit early striking times. Space heaters are placed within the area beneath the formwork which is sealed at each end by tarpaulin curtains. The heaters are used to provide a slow, evenly spread heat between 50°C and 70°C. The system manufacturer can provide formulae and data for calculating the heating capacity required. Generally, the curtains are closed and the area is heated for a period of one hour before placing the concrete, until the concrete achieves the required strength for striking. This manner of heating promotes the curing of the concrete. The covered heated curing method also means hydration occurs at an early stage. This reduces problems with water loss due to evaporation on conventional slabs before the concrete has reached full strength.
 
 6.4 Finishes
 
 The steel forms are ﬁnished with 4 mm steel plating fabricated to a tolerance of 1 mm. Given the accuracy of fabrication, the quality of ﬁnishes achieved is limited by the care and attention of the workforce in cleaning and preparing the shutters and placing the concrete. As with any concrete, greatest attention is required when compacting the kickers, avoiding aggregate segregation at the bottom of the wall, and ensuring compaction in the corners. The joint between the wall and the kickers is usually concealed behind the skirting board. Contractors should make an allowance to rub down ﬁns at formwork joints, ﬁll occasional blowholes, and ﬁll tie bar holes. The effort required to make good will be proportional to the effort in placing the concrete, and hence varies from site to site.
 
 48
 
 Cellular Buildings.indd 48
 
 09/09/2008 11:56:25
 
 Tunnel form construction 6
 
 In many cases, the walls only require a good-quality paint or wallpaper to present an acceptable ﬁnish. However, due to variability of weather and concrete supply, a good cost plan should include an allowance for a skim to cover over any defects with concrete compaction or cold joints. Typically, the slab surface is ﬁnished with a hand-ﬂoat rather than power-ﬂoating due to the starter bars along each wall line and the time taken to power-ﬂoat. Most end-users will apply the ﬂoor ﬁnishes directly onto the slab or use a smoothing compound of latex or synthetic polymer as a base.
 
 6.5 Design checks required
 
 Design of tunnel form construction is relatively simple. „ Design typical slab one way spanning between walls; select mesh size. It is important to use mesh in the walls and slabs where possible since it speeds up the daily cycle because it requires less time to lift and fix into position. „ Design slab above openings in wall (i.e. corridors or doors) as two-way span using tables for small regular panels. Use finite element for large irregular panels. Select mesh size. „ Calculate the permanent actions on the walls. For multi-storey construction, the cumulative permanent dead weight will be greater than the tunnel formwork load. „ Design lowest wall as a simple plain wall (assuming stability cores). Select mesh size. „ Check lowest wall using appropriate concrete strength (i.e. less than the 28-day strength) for weight of formwork and weight of concrete supported by formwork applied as a line load adjacent to the wall. „ Large spans with a table form may also have a prop at mid-span. Calculate backpropping requirements if necessary. Typically the slab is propped at 2 m centres. „ High multi-storey construction may enable reduced mesh size in the walls at upper levels, although this is not common. See design example in Appendix C for further details.
 
 6.6 Design
 
 Usually every party wall is cast in concrete, but every other party wall may be omitted by using longer spans; this has the beneﬁt of providing future ﬂexibility. Tunnel form structures are monolithic and therefore the beneﬁts of continuity can be used in the structural design. When using tunnel form construction, it is possible to make changes to the position and size of openings late in the design process. However, late changes can lead to aborted work and have an impact on the programme. It is therefore advisable to ensure the co-ordination of services and structure in sufﬁcient time to avoid late changes, except where absolutely necessary. Generally the details are similar to any other in-situ reinforced concrete frame. However, there are situations where the tunnel formwork system requires the designer to take account of this in the detailing, for instance at the slab–wall interface as shown in Figure 6.3.
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 6 Tunnel form construction
 
 Figure 6.3 Detail of the slab–wall interface. Mesh reinforcement Lap
 
 Loose bar
 
 Mesh reinforcement
 
 a) Mesh only junction
 
 6.7 Construction 6.7.1 Construction sequence
 
 6.7.2 Programme
 
 Mesh reinforcement
 
 b) Loose bars used for junction
 
 The formwork is specially adapted for each project. The repetitive nature of the system and the use of prefabricated standard dimensioned forms and reinforcing mats/cages simplify the whole construction process, producing a smooth and fast operation. The techniques used are already familiar to the industry, but with tunnel form construction there is less reliance on skilled labour. A typical 24-hour construction sequence is shown in Figure 6.4.
 
 On average, a team of nine to twelve site operatives plus a crane driver can strike and ﬁx 300 m2 of formwork each day, including placing approximately 35 to 60 m3 of ready-mixed concrete using a skip or 80 m3 using a concrete pump. The work can continue in all weather except high winds, and heaters can be used to accelerate the concrete curing process. The schedule provided by the repetitive 24-hour cycle means each operative knows exactly what to do and when, and works to a precisely detailed plan. The smaller work teams and predictable, measurable daily production rates simplify and enhance overall control of the project. Known completion times make scheduling of material deliveries and followon trades more accurate and optimise cash ﬂow by facilitating ‘just-in-time’ principles. By quickly providing protection, the system allows the follow-on trades to commence work on completed rooms while work proceeds on upper ﬂoors. The lead-in time will generally be approximately 4 weeks 19.
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 Tunnel form construction 6
 
 Figure 6.4 Construction sequence for tunnel form construction. Illustrations: Outinord International Ltd
 
 07:00 Concrete cube test completed by engineer Striking of tunnel forms can begin
 
 07:30 First half tunnel form is removed cleaned, oiled and repositioned Wall reinforcement placed in advance Services are placed within the walls
 
 11:00 Final elements are lifted into position Once two half tunnels are in place then reinforcement can be placed on deck Conduits are placed for services within the slab and then reinforcement completed
 
 14:30 Concrete pouring can commence Walls followed by slabs (2 to 3 hours) Vibrators are used to ensure a high-quality finish
 
 17:00 Curtains are closed and space heaters inserted Heating of the tunnel forms helps to accelerate the curing process The exercise is repeated the following day
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 6 Tunnel form construction
 
 6.7.3 Details
 
 The key to designing for any systemised form of construction is to understand how the system works on site. Figures 6.1 and 6.5 illustrates the composition of a typical tunnel form. The sliding and additional sofﬁt panels are of standard dimensions (1200, 1800 or 2400 mm). The additional panel is manufactured to the dimension to suit the span, enabling a range of module widths to be easily constructed on site with the same unit. The vertical panel is of a standard 2400 mm dimension. Higher ﬂoor-to-ceiling heights are accommodated by manufacturing an ‘upper extension’ panel of the required dimensions. This panel easily ﬁxes to the vertical panel. The wheels and ‘triangulation’ support are only used when striking and positioning the units. These components are retracted before the fresh concrete is placed, hence this load is transferred through the ‘inclined strut’ to the wall line. This reduces the back-propping requirements and negates the requirement to design for construction loading.
 
 Figure 6.5 Typical tunnel form. Illustrations: Outinord International Ltd
 
 Openings and ducts are blocked out by ﬁxing stop-ends to the steel formwork using magnets. The ends of walls and slabs are also closed using stop-ends held onto the formwork using magnets. This ensures fast placement and repeated use of high-quality formers for the openings. Accuracy from one level to the next is maintained by the use of precast concrete cruciforms. These ﬁt into the space between the tunnel forms to provide an accurate line for the location of the formwork for the walls above (see Figure 6.6). This means that accuracies of ±3 mm are achieved for room sizes. High dimensional tolerance is achieved with conical tie bars to ensure constant wall thickness, and cruciforms to ensure accurate positioning of the formwork in the next lift. The tunnel form system allows extensive use of pre-cut mesh reinforcement, resulting in quicker placement and ﬁxing.
 
 Figure 6.6 Kicker formwork and concrete cruciforms to control accuracy. Photos: Outinord International Ltd
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 6.8 Robustness
 
 6.9 Health and safety
 
 6.10 Alternatives to tunnel form
 
 Like all in-situ concrete frames, it will generally be found that no additional reinforcement is required to ensure a robust structure with tunnel form construction. Reinforcement provided for other purposes may be used as the reinforcement acting as ties in in-situ concrete. Indeed, normal detailing of reinforcement ensures that the ties are adequately anchored. Tunnel form structures are likely to far exceed the robustness requirements.
 
 The tunnel form system incorporates stripping platforms, void platforms and gable-end (end-wall) platforms with integrated edge protection. These platforms also allow for circulation around the tunnel form and the structure.
 
 Tunnel form is a particular formwork system speciﬁcally designed to maximise the speed of construction for cellular-type structures built with in-situ concrete. More typical formwork systems, such as vertical panel systems, horizontal panel systems and table forms can also be used for this type of structure. Much of the design guidance in this publication can equally well be applied to these formwork systems.
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 7 Twinwall
 
 7. Twinwall Hybrid concrete wall panels comprise two skins of precast concrete, connected by steel trusses, which hold the precast skins apart at a constant spacing, which act as permenant formwork to the in-situ concrete (see Figure 7.1). Figure 7.1 Typical twinwall panel.
 
 The precast skins are connected and spaced by steel lattice
 
 Main horizontal and vertical reinforcement for the wall is fitted within the precast skins
 
 The precast skins contain the main horizontal and vertical reinforcement for the wall, in the form of a cross-sectional area of mesh or bars which can be speciﬁed by the designer. However, starter bars and continuity reinforcement must be provided within the in-situ portion.
 
 7.1 Site
 
 The site layout, location and boundary conditions may impact on the design and construction of a twinwall project. The particular design considerations to consider for a twinwall project are arrangements for unloading the units. It is far more efﬁcient to use a ‘just-in-time’ delivery system, where the units are lifted from the lorry into their ﬁnal position. In this case an unloading area that can be used throughout the working day is required. The location and size of the crane are also important considerations, especially as precast units tend to require a crane with a higher lifting capacity. In particular the need to oversail beyond the site, especially public highways or railways (note that Network Rail will not allow oversailing) may well inﬂuence the crane location or perhaps even the structural solution.
 
 7.2 Initial sizing
 
 The preliminary sizes given in this section are focused on strength requirements; other requirements such as acoustics (see section 3.2) may also determine the minimum requirements. Manufacture, transportation and placing of the units impose limits on the maximum sizes (see section 5.8).
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 Twinwall 7
 
 Figure 7.2 Initial sizing of lattice girder slabs.
 
 Key
 
 300
 
 Characteristic imposed load 1.5 kN/m2 (Ψ2= 0.3)
 
 Slab depth (mm)
 
 250
 
 2.5 kN/m2 (Ψ2= 0.3) 5.0 kN/m2 (Ψ2= 0.6) 7.5 kN/m2 (Ψ2= 0.6)
 
 200
 
 150
 
 100
 
 4
 
 3
 
 5
 
 6
 
 7
 
 8
 
 Span (m)
 
 Single span, m
 
 3.0
 
 4.0
 
 5.0
 
 6.0
 
 7.0
 
 8.0
 
 9.0
 
 IL = 1.5 kN/m2
 
 115
 
 117
 
 148
 
 187
 
 226
 
 261
 
 288
 
 IL = 2.5 kN/m2
 
 115
 
 125
 
 158
 
 196
 
 233
 
 264
 
 291
 
 = 5.0 kN/m3
 
 115
 
 147
 
 186
 
 220
 
 250
 
 276
 
 IL = 7.5 kN/m2
 
 131
 
 170
 
 208
 
 238
 
 265
 
 291
 
 Overall thickness, mm
 
 IL
 
 Design assumptions Reinforcement
 
 fyk = 500 N/mm2.
 
 Cover
 
 cnom = 20 mm; Δc, dev= 0 mm.
 
 Loads
 
 A superimposed dead load (SDL) of 1.50 kN/m2 (for ﬁnishes, services, etc.) is included. BS EN 199018 , Expressions (6.10a) and (6.10b) have been used.
 
 Concrete
 
 Grade C45/55, density 25 kN/m3, 20 mm gravel aggregate.
 
 Fire and durability Fire resistance 1 hour; exposure class XC1.
 
 Slabs Typically a lattice girder slab is used in twinwall construction. The sizing data for lattice girder slabs are given in Figure 7.2. Units are usually 1200 or 2400 mm wide and can be used for spans of up to 10 m. Hollowcore slabs may also be used and the sizing chart in section 5.1. is applicable. However, it should be noted that the precast skin of the twinwall panel will be too narrow to be considered a permanent bearing.
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 7 Twinwall
 
 7.2.1 Walls
 
 Overall wall thicknesses below 200 mm are difﬁcult to achieve because the precast skin thickness is typically 50 to 70 mm each side (plus tolerance), and the thickness of the insitu concrete in between must accommodate starter and continuity reinforcement with sufﬁcient space for the concrete to ﬂow around the bars. The ﬁnal wall thickness can range typically from 200 to 350 mm in total width, although thicker walls are possible. It is worth noting that, due to the manufacturing process, tolerances on the inside faces of the precast skin are not well controlled and can reduce the space available for in-situ concrete or starter bars by 10 to 15 mm each side. Generally the walls are sized to be as narrow as possible to increase the net ﬂoor area. There may be occasions, such as in tall buildings where there are high compressive loads, or adjacent to long ﬂoor spans where there are high bending moments due to the notional eccentricity of the wall, when a thicker wall is required.
 
 7.3 Concrete
 
 To make efﬁcient use of the precast moulds, it is important to strike the precast elements in the factory as quickly as possible. For this reason precast concrete manufacturers prefer to use higher-strength concrete than is generally used for in-situ concrete. The typical class of concrete used for twinwall panels is C35/45. Self-compacting concrete is also increasingly used in the precast factory to reduce noise due to use of vibrators to compact the concrete. The in-situ concrete to be placed between the walls should be able to ﬂow between the two precast faces, and around the starter bars and continuity reinforcement. Using a vibrator poker may be difﬁcult or impossible. The use of self-compacting concrete should be considered. A smaller aggregate size, for example 10 mm, may also be appropriate.
 
 7.4 Finishes
 
 The use of high-quality formwork moulds gives the external faces of the panels a smooth ﬁnish. The ﬁnish quality is suitable to receive a plaster ﬁnish or wallpaper. It should be noted that the colour will not be consistent and it is therefore not advised that exposed concrete ﬁnishes are used.
 
 7.5 Design details
 
 Typical details for connecting the twinwall and lattice girder slabs are shown in Figures 7.3 and 7.4. Where the design engineer is relying on others to design particular elements responsibility for the design of the elements and the continuity reinforcement should be clearly set out. In BS EN 1499220 twinwall is classiﬁed as composite walls to be designed like a solid wall. This approach can easily be applied to the general wall condition. However, care is required at joints to ensure the full section width can be assumed. This is important where local bearing is the critical load case, for example on a transfer beam or above a column.
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 Twinwall 7
 
 Figure 7.3 Internal twinwall connection with a lattice girder slab.
 
 Precast concrete Lattice reinforcement In-situ concrete
 
 Vertical reinforcement
 
 Slab reinforcement
 
 In-situ concrete
 
 Vertical reinforcement
 
 Lap length
 
 Tie reinforcement
 
 Figure 7.4 External twinwall connection with a lattice girder slab.
 
 Lattice reinforcement In-situ concrete
 
 Vertical reinforcement Precast concrete
 
 Tie reinforcement
 
 In-situ concrete
 
 Lap length Lap length
 
 Tie reinforcement Vertical reinforcement
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 7 Twinwall
 
 Ensuring the maximum section width can be used requires care on site to ensure the following: „ Tight lateral tolerance of the wall on the bearing surface to ensure the wall above is aligned with the wall below. „ Tight vertical tolerance, as an out-of-plumb wall could result in a reduced bearing surface. „ Good working practice on site to ensure compaction of the concrete in bearing between the base of the wall and the slab. The infill should be a minimum thickness of 30 mm, with no air bubbles or honeycombing. Where possible, good compaction is achieved with self-compacting concrete and 10 mm aggregate. „ Minor damage to the precast element does not result in a reduced bearing area. „ Appropriate reduced effective depth due to a single line of central starter bars at the joints. It is not possible in the space available to cover all the design requirements for a twinwall building, but detailed guidance is given in The Concrete Centre publication Design of Hybrid Concrete Buildings29.
 
 7.6 Construction
 
 Manufacture, transportation and placing of the units is a key consideration in the design of a twinwall project. These considerations are similar to those for crosswall construction and are explained in section 5.8. An efﬁcient construction sequence is the key to maximising the economy of twinwall construction. Ideally the twinwall panel will be lifted directly from the lorry into its ﬁnal position. The panels are typically propped on one side only, until the ﬂoor above has been cast. The lattice girder slabs can then be placed, and again these must be propped, until the concrete in the ﬂoor has sufﬁcient strength to carry its own weight. Continuity wall and slab reinforcement is then ﬁxed in position before the wall and slab concrete can be poured. The panels are typically erected with the base of the wall around 30 mm above the ﬂoor slab. A timber batten is usually placed on one side of the wall to act as a setting-out guide when lifting the twinwall panels into position (see Figure 7.5). A second timber batten is ﬁxed after the panel is placed. These timbers are removed after casting the in-situ concrete and this is the principal means of checking that the in-situ concrete has reached the base of the pour.
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 Twinwall 7
 
 Figure 7.5 Position and levelling of twinwall panel.
 
 7.6.1 Speed of construction
 
 7.7 Tolerances
 
 The wall and ﬂoor panels can be erected as fast as for crosswall construction; however, the in-situ element needs to be cast as each ﬂoor is completed, which slows the speed of the frame construction. In mitigation there is no need to install a separate screed. To maximise the beneﬁts there should be repetition of panels. The panels should be detailed to improve buildability.
 
 Section 5.9 on tolerances in the crosswall section should be referred to. In addition the following should be considered. The inside faces of the precast skins are an unﬁnished surface and can vary by 10 to 15 mm, with implications for the space available for in-situ concrete and starter and continuity reinforcement when the panels arrive on site. Mesh reinforcement is cast into each precast skin. A 50 mm thick precast skin could accommodate, for example: „ 20 mm cover to external face (or as appropriate to meet durability requirements) „ 10 mm vertical bar „ 8 mm horizontal bar „ 10 mm cover to internal face (while not required for durability in the permanent condition, some cover here is advisable). Clearly, walls which require larger bar sizes to achieve required levels of reinforcement, or walls in exposed conditions, will in turn need thicker precast skins to achieve required covers.
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 7 Twinwall
 
 7.8 Robustness
 
 An advantage of the twinwall system is that it is simple to tie the structure together with reinforcement in the in-situ concrete, to meet the requirements of the Building Regulations to avoid disproportional collapse.
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 Appendix A. Volumetric precast concrete prison cells
 
 Appendix A. Volumetric precast concrete prison cells As an alternative to the systems described in this publication, volumetric precast concrete modules may be used for prisons. The system consists of modules, each containing four cells. As with the other systems described in this publication, this system beneﬁts from the ﬁre protection, acoustic properties and robustness of concrete. The latter is of particular beneﬁt in this application. Off-site construction has beneﬁts for construction adjacent to existing prisons. It enables the on-site workforce to be reduced, which in turn minimises the number of security clearances required for personnel. Off-site construction also reduces the on-site construction period, which again improves security. All the walls between cells and the roof are cast in one concrete pour using special moulds, which have been designed to simplify the demoulding process (see Figure A.1). The window grills are cast into the concrete to increase security (see Figure A.2). The modules are ﬁtted out with (see Figure A.3): „ sanitary ware „ windows „ furniture
 
 Figure A.1 Mould for volumetric prison cells. Photo: Precast Cellular Structures Limited
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 Appendix A. Volumetric precast concrete prison cells
 
 Figure A.2 Window grills are cast in for increased security. Photo: Precast Cellular Structures Limited
 
 The complete 40-tonne module can then be transported to site, where it is placed on a pre-prepared ground-ﬂoor slab. Further units can be stacked on top of the ground-ﬂoor units, with the roof of the lower unit forming the ﬂoor of the upper unit.
 
 Figure A.3 Sanitary ware and services are installed off-site. Photo: Precast Cellular Structures Limited
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 Appendix B. Crosswall worked example Project details
 
 Calculated by
 
 Crosswall worked example Slab design
 
 Checked by
 
 Client
 
 OB PG TCC
 
 Job no.
 
 CCIP - 032
 
 Sheet no.
 
 Date
 
 CW1 Jul 08
 
 Design of one-way spanning 150 mm-thick continuous slab. Variable actions Bathroom pod
 
 Screed Self-weight
 
 1.5 m
 
 2.0 m 3.5 m
 
 Actions kN/m/m width of slab
 
 Permanent Self-weight 60 mm screed gk over full span
 
 = 0.15 x 25 = 0.06 x 22
 
 Pod Deduct because there is no screed under pod gk over part span Variable
 
 = 3.75 = 1.30 = 5.05 = 3.00 = 1.30 = 1.70 = 1.50 = 0.50 = 2.00
 
 Residential Services and finishes qk
 
 Cover Nominal cover, cnom
 
 cmin,dur = minimum cover due to environmental conditions Assuming XC1 and using C35/45 concrete, cmin,dur = 15 mm
 
 BS EN 1992-1-1, Table 4.1, BS 8500-1, Table A.4
 
 Δcdev = allowance in design for deviation Assuming no measurement of cover Δcdev = 10 mm
 
 BS EN 1992-1-1,4.4.1.2(3)
 
 ∴ cnom = cmin + Δcdev
 
 = 15 + 10 = 25 mm
 
 Fire Check adequacy of section for 1-hour fire resistance (i.e. REI 60) Thickness, hs,min = 80 mm cf. 175 mm proposed
 
 ∴ OK
 
 Axis distance, amin = 20 mm cf. 25 + 8/2 = 29 i.e. not critical
 
 ∴ OK
 
 BS EN 1992-1-24.1(1), 5.1(1), Table 5.8
 
 cnom = 25 mm
 
 Load combination (and arrangement) By inspection, BS EN 1990 Exp. (6.10b) governs ∴ γGk = 1.25 and γQk = 1.5
 
 BS EN 1990 Exp. (6.10b)
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 Appendix B. Crosswall worked example Project details
 
 Calculated by
 
 Crosswall worked example Slab design
 
 Checked by
 
 Client
 
 OB PG TCC
 
 Job no.
 
 Sheet no.
 
 Date
 
 CCIP - 032 CW2 Jul 08
 
 Analysis Total ultimate limit state load across full width of slab = 1.25 x 5.05 + 1.5 x 2 = 9.31 kN/m/m width Additional ultimate limit state load under bathroom pod = 1.25 x 1.7= 2.13 kN/m/m width Reactions (ULS):
 
 RLHS =
 
 1 3.5
 
 (
 
 9.31 x 3.52 + 2.13 x 1.5 x 2.75 2
 
 RRHS =
 
 1 3.5
 
 (
 
 9.31 x 3.52 + 2
 
 2.13 x 1.52 2
 
 )
 
 )
 
 = 18.8 kN/m width
 
 = 17.0 kN/m width
 
 Determine point of zero shear (i.e. location of maximum moment) Distance from right-hand support = 17.0/9.31 = 1.83 kN/m Maximum sagging moment:
 
 (
 
 )
 
 2 MEd = 17.0 x 1.83 – 9.31 x 1.83 = 15.5 kNm/m width 2 Shear force (ULS), (maximum occurs at left-hand support), VEd = 16.3 + 2.5 = 18.8 kN/m
 
 Flexural design Effective depth:
 
 d = 150 x 25 x 8/2 = 121 mm Flexure in span:
 
 K = MEd/bd2fck = 15.5 x 106/(1000 x 1212 x 35) = 0.03 z = d/2 [1 + √(1 – 3.53K)] ≤ 0.95d z = 121/2 [1 + √(1 – 3.53 x 0.03)] ≤ 0.95 x 121 z = 118 ≤ 114 z = 114 mm As = MEd/fydz = 15.5 x 106/(500/1.15 x 114) = 313 mm2/m Minimum area of reinforcement:
 
 As,min = 0.17% for fck = 35 MPa As,prov = 385/(1000 x 121) = 0.32% OK Either use A393 mesh or B385 mesh (note the latter uses significantly less steel).
 
 BS EN 1992-1-1, Exp (9.1N)
 
 Deflection By inspection; deflection not critical.
 
 Shear VEd
 
 = 18.8 kN/m width
 
 vEd
 
 = 18.8 x 103/1000 x 121 = 0.16 MPa
 
 vRd,c
 
 = 0.54 MPa
 
 BS EN 1992-1-1, 6.2.2(1)
 
 ∴ No shear reinforcement required
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 Appendix B. Crosswall worked example Project details
 
 Calculated by
 
 Crosswall worked example Wall design
 
 Checked by
 
 Client
 
 OB PG TCC
 
 Job no.
 
 Sheet no.
 
 Date
 
 CCIP - 032 CW3 Jul 08
 
 Wall design: Wall is 180 mm thick, check top storey of wall for lateral loads, vertical loads OK by inspection.
 
 Wk = 3.5 x 3.0 x 1.0 = 10.5 kN Taking wind pressure as 1.0 kN/m2 (Assume this load is shared equally between the two 6 m long walls) Gk,fl = 5.05 x 3.5 = 17.7 kN/m (Floor load on wall) Gk,w = 25 x 0.18 x 3.0 = 13.5 kN/m
 
 (Self-weight of wall)
 
 Gk,tot = 17.7 + 13.5 = 31.2 kN/m
 
 (Total vertical permanent load)
 
 Ultimate limit state loads: Axial load, N = 0.9 x 31.2 x 6 = 168.5 kN Moment, M = 1.5 x 5.3 x 3 = 23.9 kNm Check for tension is the wall:
 
 σt = N Lt
 
 –
 
 3 M 23.9 x 106 = 168.5 x 10 – (t l2/6) 6000 x 180 (180 x 60002/6)
 
 = =
 
 0.156 – 0.022 0.134 MPa (no tension in wall)
 
 It may be necessary to check for tension at every floor level.
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 Appendix C. Tunnel form worked example Project details
 
 Calculated by
 
 Tunnel form worked example Slab design
 
 Checked by
 
 Client
 
 OB PG TCC
 
 Job no.
 
 CCIP - 032
 
 Sheet no.
 
 Date
 
 TF1 Jul 08
 
 Slab design: Try 175 mm-thick continuous slab. Permanent actions
 
 6m
 
 Variable actions
 
 6m
 
 6m
 
 Actions kN/m/m run Permanent Self-weight
 
 = 0.175 x 25
 
 gk
 
 = 4.4 = 4.4
 
 Variable Residential
 
 = 1.5
 
 Services and finishes
 
 = 0.5
 
 qk
 
 = 2.0
 
 Cover Nominal cover, cnom
 
 cmin,dur = minimum cover due to environmental conditions Assuming XC1 and using C35/45 concrete, cmin,dur = 15 mm
 
 BS EN 1992-1-1, Table 4.1, BS 8500-1, Table A.4
 
 Δcdev = allowance in design for deviation Assuming no measurement of cover Δcdev = 10 mm
 
 BS EN 1992-1-1, 4.4.1.2(3)
 
 ∴ cnom = cmin + Δcdev
 
 = 15 + 10 = 25 mm
 
 Fire Check adequacy of section for 1-hour fire resistance (i.e. REI 60) Thickness, hs,min = 80 mm cf. 175 mm proposed
 
 ∴ OK
 
 Axis distance, amin = 20 mm cf. 25 + 8/2 = 29, i.e. not critical
 
 ∴ OK
 
 BS EN 1992-1-2, 4.1(1), 5.1(1) and Table 5.8
 
 cnom = 25 mm
 
 Load combination (and arrangement) By inspection, BS EN 1990, Exp. (6.10b) governs ∴ γGk = 1.25 and γQk = 1.5
 
 BS EN 1990, Exp. (6.10b)
 
 Analysis Using bending moment coefﬁcients for a continuous slab, a coefﬁcient of 0.086Fl applies to the end span and ﬁrst interior support. Check end span for ﬂexure and shear capacity as well as deﬂection.
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 Appendix C. Tunnel form worked example Project details
 
 Calculated by
 
 Tunnel form worked example Slab design
 
 Checked by
 
 Client
 
 OB PG TCC
 
 Job no.
 
 Sheet no.
 
 Date
 
 CCIP - 032 TF2 Jul 08
 
 Design moment:
 
 F
 
 = total design ultimate load = (1.25 x 4.4 + 1.5 x 2.0) x 6 = 51.0 kN/m width = 0.086Fl = 0.086 x 51.0 x 6 = 26.3 kNm/m width
 
 M Shear force: V = 0.6F = 0.6 x 51.0= 30.6 kN
 
 Flexural design Effective depth:
 
 d = 175 – 25 – 8/2 = 146 mm Flexure in span: K = MEd/bd2fck = 26.3 x 106/(1000 x 1462 x 35) = 0.035 z = d/2 [1 + √(1 – 3.53K)] ≤ 0.95 z = 146/2 [1 + √(1 – 3.53 x 0.035)] ≤ 0.95 x 145 z = 141 ≤ 138 z = 138 mm As = MEd/fydz = 26.3 x 106/(500/1.15 x 138) = 438 mm2/m Minimum area of reinforcement:
 
 As,min = 0.17% for fck = 35 MPa As,prov = 438/(1000 x 146) x 100 = 0.30%
 
 BS EN 1992-1-1, Exp (9.1N) OK
 
 Use B503 mesh
 
 Deflection Check span-to-effective-depth ratio ρ = 0.30% Basic span-to-effective-depth ratio = 60.6 Actual span-to-effective-depth ratio = 6000/145 = 41.4 Deflection OK
 
 BS EN 1992-1-1, Exp (7.16a) 
<Exp. (7.17)>
 
 Shear VEd
 
 = 30.6 kN/m
 
 vEd
 
 = 30.6 x 103/1000 x 146 = 0.21 MPa
 
 vRd,c
 
 = 0.54 MPa
 
 BS EN 1992-1-1, 6.2.2(1)
 
 ∴ No shear reinforcement required
 
 Construction situation. Assume tunnel forms will be struck at 15 MPa cube strength and lifted onto new slab. Check slab for self-weight and load from formwork. (Note once tunnel form has been positioned there is no load on the interior of the slab.) Leg loads from tunnel forms = (110/100 × 3)/2 = 1.7 kN per leg at 2 m from wall
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 Appendix C. Tunnel form worked example Project details
 
 Calculated by
 
 Tunnel form worked example Slab design
 
 Checked by
 
 Client
 
 OB PG TCC
 
 Job no.
 
 Sheet no.
 
 Date
 
 CCIP - 032 TF3 Jul 08
 
 Self-weight of slab = 4.4 kN/m Moment, MEd ≈ 0.086 × 4.4 × 62 + 1.7 × 2.0 = 13.6 + 3.4 ≈ 17.0 kNm
 
 Flexural design Flexure in span: K = MEd/bd2fck = 17.0 x 106/(1000 x 1462 x 12) = 0.068
 
 z = d/2 [1 + √(1 – 3.53K)] ≤ 0.95d z = 145/2 [1 + √(1 – 3.53 x 0.068)] ≤ 0.95 x 145 z = 136 ≤ 138 z = 136 mm As = MEd/fydz = 17.0 x 106/(500/1.15 x 136) = 288 mm2/m Less than the requirements for permanent situation
 
 OK
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