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 Abstract 

Thesis title:  Deflection of Concrete Slabs  

Current Performance & Design Deflection Limits 

Degree:  Doctor of Philosophy 

Author:  Shivan Tovi 

Date:   February 2017 

Deflection is usually controlled by limiting the span/depth ratio. One aspect of this 

research is to document the deflection of a concrete slab in a large residential block. 

The other part of the research is to look at current design limits. Limits on deformation 

were set many decades ago, when the forms of construction, partitions, finishing, 

cladding and service were very different from what they are now. Part of that is to 

review the span-to-depth method of design. 

Site investigation and testing theory through observation and data collection was the 

main deductive approach of this research. A quantitative method was used to calculate 

and determine the deflection on concrete slabs, the research is attempted to identify 

target companies and projects to participate in the research. The data indicate that the 

slab has not sagged significantly due to the back propping for 30 days. However, it 

does seem that the slab was sloping down from the corner by 6 mm diagonally across 

the 12m bay. A margin of deflection around 2mm occurred especially in the mid-span 

of the slab 12 x 7 m corner bay. The 2 mm deflection occurred at the beginning of the 

investigation after back propping reinforced concrete corner bay slab. The back 

propping applied after 7 days of pouring slab. 

Keywords:  Slab deflection, design for serviceability limit state, span/depth ratio, 

Eurocode 2 design code. 
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𝑓𝑦 nominal value of the yield strength of the structural steel 

𝑓𝑢 specified ultimate tensile strength 

ℎ overall depth (thickness) 

ℎ1 depth of structural steel section 

ℎ𝑓 thickness of the concrete flange 

ℎ𝑃 overall depth of the profiled steel sheeting excluding embossments 



xviii 
 

ℎ𝑠𝑐 overall nominal height of a shear stud connector 

𝐼𝑎 second moment of area of the structural steel section 

 𝐼𝑡𝑟𝑎𝑛𝑠𝑓 second moment of area of the transformed concrete area and the 

structural steel area 

𝑘1 reduction factor for resistance of headed stud with profiled steel sheeting 

parallel with the beam 

 𝑘𝑡 reduction factor for resistance of headed stud with profiled steel sheeting 

transverse with the beam 

𝐿 length (span) 

𝑀𝑐 moment of resistance of the composite section 

𝑛 modular ratio (number of shear connections) 

𝑛𝑓 number of shear connection for full shear connection 

𝑃𝑅𝑑 design value of the shear resistance of a single connector 

𝑅𝑐𝑓 resistance of the concrete flange 

𝑅𝑐𝑥 resistance of the concrete above the neutral axis 

𝑅𝑠 resistance of the steel section 

𝑅𝑠𝑓 resistance of the steel flange 

𝑅𝑠𝑥 resistance of the steel flange above the neutral axis 

𝑅𝑣 resistance of the clear web depth 

𝑅𝑤 resistance of the overall web depth = 𝑅𝑠 = 𝑠𝑅𝑠𝑓 
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𝑅𝑤𝑥 resistance of the web above the neutral axis 

𝑡𝑓 thickness og the steel flange 

𝑡𝑤 thickness of the steel web 

𝑊𝑝𝑙,𝑦 plastic section modulus of the a steel structural section 

𝛿 deflection at mid span 

𝛾 factor of safety 

𝑣𝐸𝑑 longitudinal shear stress in the concrete flange 

𝜂 degree of shear connection 
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CHAPTER ONE: Introduction to Deflection on Slabs 

1.1 Background of Span-to-Depth Ratio Methods of Concrete Slab Design 

Concrete flat slab structures are economical and the most popular form of concrete 

used in multi-storey structures. Deflection of slabs is a principal criterion in design, it 

governs thickness, which in turn has a significant economic impact. Deflection is 

usually controlled by limiting span/depth ratio. This paper reviews the history of the 

span-to-depth method of design. 

Span/depth ratios are based on knowledge of deflection and currently, advances have 

been made in the calculation of deflection. Yet, the actual performance of restrained 

concrete slabs in the field remains largely unknown. Models have only rarely been 

calibrated against actual construction projects. This study aims to document the 

deflection of a concrete slab in a large residential block. The intention is to note any 

serviceability issues and to compare design models and assumptions with reality (Tovi 

et al 2016). 

Limits on deformation were set many decades ago, when the forms of construction, 

partitions, finishes, cladding and service were very different from what they are now. 

It is possible, therefore, that the current limits are too conservative. In order to justify 

change, and enable more sustainable and economic designs, knowledge of the 

background to current limits and of current performance is needed. Part of that is to 

review the span-to-depth method of design. 

Beeby (2001) explained during analysis and calculations of prop forces at Cardington 

case study that the construction load is situated on the top slab of the supporting 

assembly while the other slabs carry their own weight before the slab above is cast. 
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The lower slabs in the supporting assembly is extremely loaded if reinforced concrete 

slabs do not carry their own weight before the reinforced slab above is cast. If the 

recently cast slab carries its own weight after loading, the construction load is given 

by: 

                                             𝑊𝑝𝑒𝑎𝑘 = 𝑊𝑠𝑒𝑙𝑓 + 𝐶(𝑊𝑠𝑒𝑙𝑓 + 𝑊𝑐𝑜𝑛)                           (Eq. 1.1) 

Where 𝐶 is a carry through factor of at least 1/(number of supporting levels) and 𝑊𝑐𝑜𝑛 

is a construction action (load) comprising formwork, which is usually close to 0.75 

kN/m2. Beeby’s investigation states that, when backprops are installed, it is acceptable 

in the absence of detailed calculation to take the 𝐶 value as 0.7 in Equation (1.1), if 

there is only one level of backprops, and as 0.65 if there are more than one level of 

backprops. Backprops are normally preloaded through installation rather than being 

installed, as at Cardington study case. 

Vollum (2003) calculated significant preloads in the backprops at St George Wharf, as 

a uniformly distributed load of approximately1 𝑘𝑁/𝑚2. Preloading is useful because it 

induces an additional distribution of construction load between the supporting concrete 

slabs than calculated at Cardington. 

Parametric studies have shown that it is acceptable to consider the peak construction 

load 𝑊𝑠𝑒𝑙𝑓 as 0.04ℎ 𝑘𝑁/𝑚2, where ℎ is the slab thickness in mm, in deflection 

calculations for slabs up to 500 mm thick where two levels of backprops are used and 

the backprops are preloaded throughout the installation, as Vollum (2003) 

demonstrates at St George Wharf. 

Construction loads from casting concrete slabs above can only be ignored if: 

 Columns support the formwork, or 
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 Adequate backprops are provided to divert the self-weight of the recently cast 

slab to the ground 

Caution should be applied in ignoring construction loads since calculations of prop 

forces at Cardington, as Hossain (2002) declares, and at St George Wharf, as in 

Vollum (2003), suggest that slabs can experience considerable construction loads 

from casting concrete slabs above them, even if the backprops continue to the ground, 

owing to the combined influence of prop shortening and floor settlement. 

Beeby (1971) states that at an early stage in the development of the proposed new 

code of practice for the structural use of reinforced concrete members, the methods 

considered in British Standards Institution (1965) to control deflections were not fully 

satisfactory and would be even less satisfactory when the higher levels of reinforced 

steel stress allowed by the new code were used. It was agreed, however, that the 

simple technique of controlling deflections provided by span/depth ratios is essential 

for common use rather than insisting on the calculation of deflections in all 

circumstances. 

Eurocode 2 (2008) calculates the mean curvature in cracked concrete members by 

interpolating between the curvatures in uncracked and cracked sections as: 

                                                  Ψ𝑚 = 𝜉Ψ2 + (1 − 𝜉)Ψ1                                      (Eq. 1.2) 

Where 

                                                       𝜉 = 1 − 𝛽(𝑀𝑟/𝑀)2                                       (Eq. 1.3) 

Ψ1 and Ψ2 are the curvatures in uncracked and cracked members, including shrinkage, 

while 𝑀𝑟 is the cracking moment when the moment 𝑀 is applied. The coefficient 𝛽 

presents the loss of tension stiffening with time owing to further internal and macro 
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cracking when the slab is subjected to a sustained load. Eurocode 2 (2008) declares 

that coefficient 𝛽 should be considered as 1 for short term loading and 0.5 for long 

term loading, but it does not define the variation in the coefficient 𝛽 with time, although 

Vollum (2002) suggested 0.7 for construction loading. 

Vollum (2002) also offered back analysis of the slab deflection date from laboratory 

and field investigation, and states that Equation (1.3) obtains good estimates of 

curvature and then deflection, if the material properties and loading are known. 

Difficulties appear in practice, however, since neither the material properties nor the 

loading are known prior to construction or, as a matter of fact, subsequently. 

Deflections in reinforced concrete slabs are difficult to predict reliably because they 

extremely dependent on whether or not the reinforced concrete slab is cracked. 

Vollum (2004) published a report on deflection by analysing the backdrop forces at 

Cardington, to give an indication of the loads on one slab when the slab above is cast. 

The report concluded that a major proportion of the load from casting the slab above 

is carried by the upper floor in a supporting assembly, which differs from the 

conventional proposition that the load is distributed evenly between floors. The result 

was inspected at St George’s Wharf when the back prop forces were calculated on 

the sixth floor during construction. The most important conclusions are: 

 Engineers should consider that flat slabs are subjected to peak construction 

loads and model slabs accordingly 

 Back prop forces may be considerably underestimated by elastic analysis, if 

overloading occurs, as a result of neglecting temperature and preloading 

Vollum (2009) also notes that deflections in reinforced concrete slabs are significantly 

governed by the most severe cracking, which can appear during construction work or 
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subsequently in service. Cracking can appear during construction work either when 

striking the slab, or subsequently due to loading from casting slabs above or storing 

construction materials. 

1.2 General 

Reinforced concrete slabs have been used extensively since the 20th century for 

different applications such as flat slabs and bridge decks. This research aims to 

investigate the deflection of restrained concrete slabs in order to recommend design 

limits to calculate this deflection. 

The behaviour of restrained concrete slabs under load is investigated in this research, 

with a particular focus on the establishment and comparison of the serviceability limit 

state. The research fits onto a project initiated by the Concrete Centre – London. As 

part of this research, an investigation programme with large-scale reinforced concrete 

slabs will be considered under loads. 

Reinforced concrete structures are increasingly popular worldwide and in the UK, 

particularly for multi-storey structure. The popularity of this structure shapes principally 

due to the efficiency offered in terms of building behaviour, construction period and 

material usage all of which are especially attractive proposing the ever-increasing 

requests for improved sustainability in structure (Florides and Cashell 2016). 

This research reviews the derivation of a technique for controlling deflections in the 

design of reinforced concrete slabs by using ratios of span to effective depth. The 

method is a development of that given in the draft of the Code of Practice for the 

structural use of concrete published for comment in September 1969 (Beeby 1971). 

This study shows how more current research permits considerable simplification of the 

original proposals while increasing their general accuracy. 
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The serviceability design is probably the most complicated and least understood 

aspect in the design of concrete slab structures. Deflection must be controlled so as 

not to exceed design limits, and cracking and shrinkage must be monitored and 

treated. In addition, freshly constructed concrete structures must not excessively 

vibrate. Hence shrinkage reflects its impact on concrete structure and plays a 

significant part in each aspect. 

Failures of concrete slab structures occur due to extreme deflection or cracking, even 

in the case of structures built to design code requirements, often as a direct result of 

inaccurate calculation of the time dependent deflection of concrete slab structures. 

Concrete deflections can be controlled, however, if the service load behaviour has 

been studied carefully. The behaviour of the service load initially depends on the 

material properties of the concrete but, at the early stage of design, these factors are 

largely unknown. Using the nonlinear and inelastic behaviour of concrete at the service 

load to design for serviceability limitation is intricate, however. Standard codes for 

serviceability limitation design are comparatively modest and, in some cases 

uncertain; indeed, even inaccurate in modelling structures’ behaviour. In short, there 

has been a widespread failure to calculate the effect of shrinkage and creep on 

concrete structures.  

This failure is particularly striking given that the effects of shrinkage and creep on 

concrete structure have been widely researched and investigated for over 100 years, 

for instant Slab Deflections in the Cardington in-situ Concrete Frame Building study by 

Vollum (2003) and Backprop Forces and Deflection in Flat Slabs Construction at St 

George Wharf by Vollum (2004). Many of these analytical techniques and methods 

are not used or known professionally, for instant rigorous and simplified methods to 

calculate deflection and also various FEM software, however. Service loads have often 
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been underestimated by structural designers, using simplified methods in standard 

codes, and this leads in turn to an oversimplification in the understanding of structural 

behaviour, for instant the RILEM Draft Recommendation 107-GCS Guidelines for the 

Formulation of Creep and Shrinkage Prediction Models by Kluwer (1995). There are 

a variety of sources on concrete slab structures from which to obtain design details, 

but since comparison information from these sources reveals considerable variation, 

the material properties should be investigated and tested to calculate time dependent 

deflection. This cannot be taken as an effective alternative, however: structural design 

engineers rarely have the time or the inclination for long term laboratory tests. 

Moreover, it is not guaranteed that the concrete used in the construction process is 

the same as the test sample used in the laboratory. In fact, the computed deflection 

property of concrete is commonly larger than the actual property, with coefficients of 

difference of more than 20 per cent sometimes being found. Hence, a probabilistic 

approach is demanded in construction design to obtain better concrete properties, and 

the outcome of such methods needs to be considered (Taylor 1977). 

Serviceability limitations for deflection in respect to pre-stressed and reinforced slab 

structures may be calculated using several techniques, from cracking control 

according to various codes of design and deflection limitation using either simple, or 

more advanced and refined methods. When designing methods to analyse 

serviceability in concrete slab structures it is important to include the effect of 

shrinkage and creep on structures. In addition, a clearer understanding of concrete 

slab behaviour may be obtained from advanced analytical methods. 

The initial consideration in understanding the serviceability of flat slab systems is 

deflection control. The reasons for controlling deflection are: 
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 Deflection values need to be controlled, for use as a measurement tool to 

understand the vibration in a slab structure  

 To avoid alteration in deflection in concrete slab structures requires sufficient 

stiffness 

 To alleviate safety concerns, since deflection in flat slabs must be unnoticeable 

by residents 

All concrete slabs deflect, however, and over the time the magnitude of that deflection 

increases, and hence to guarantee it does not exceed the specification, the deflection 

must be accurately monitored and controlled. Excessive deflection can be optically 

unacceptable, causing damage to supported partitions, except if articulated. Although 

in most cases partitions are sufficiently resilient to accommodate concrete deflection 

in the long term without cracking, it remains essential to comprehend the deflection 

behaviour of slabs to construct appropriate serviceability limitation requirements. 

Current design limits on deformation (such as Eurocode 2) are based on limits set 

many decades ago in ET ISO 4356 - 1977 (2012), when the forms of construction, 

partitions, finishes, cladding, and services were very different to what they are now. It 

is possible, therefore, that the current limits are too conservative, and more research 

is thus needed to understand current performance in order to enable more sustainable 

and economic designs. 

Serviceability and strength are two main criteria to consider when designing concrete 

structures. There has been limited recent academic research into deflection limits for 

concrete slabs and this emphasises how significant and important this study will be for 

understanding the behaviour of the deflection of concrete slabs. 
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In many cases, appropriate control of deflections may be achieved by complying with 

detailed span/depth ratios. There are some cases, however, where they should be 

determined to conform to tolerances concerning partitions and cladding, such as the 

case in St George’s Wharf, London, UK (Vollum 2004). 

Reinforced concrete is a popular and durable structural material, and a very 

economical material to design sustainable suspended floors (Taylor, 1977). Concrete 

slabs and slabs with drop panels normally develop radial cracking in the vicinity of 

column supports under usual service construction action. This behaviour has been 

spotted in slabs in which model and/or construction errors have been recognised, and 

in properly modelled and constructed slabs. As such, the occurrence of such cracking 

is not itself indicative of either layout of construction errors, much less unanticipated 

performance. Negative flexural stresses are ideally responsible for a density of 

cracking in the immediate vicinity of the columns, which often manifests in a star-burst 

pattern of radial cracks. Such cracking can be identified in reinforced concrete slabs 

in structures that have been in service for decades, as well as in new structures shortly 

after removal of props. The deflection of concrete slabs, however, depends on many 

variables such as loading, strength and cracking, among others, and the estimation of 

this deflection is critical in the sizing and reinforcement of slabs. The design limits 

appear to be historic or traditional, perhaps inappropriate to today’s forms of 

construction and current demands for economy and material reduction in the name of 

sustainability. The behaviour of reinforced concrete slabs will be the focus of an 

experimental and observation programme as fib indicates Federation Internationale 

du beton fib (2014), and this encourage more study in this area and this research is 

taking up the challenge. 
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Generally, concrete structures subjected to load will react both instantaneously and 

time dependently. The deflection of concrete structures progressively increases over 

time, to eventually become greater than initial deflection value. Adequate and credible 

estimates of the immediate and time dependent deflection of concrete slab structures 

are necessary to satisfy these serviceability limitations. Shrinkage and creep causes 

a gradual increase of strain if stress and temperature stay steady, resulting in 

increased deformation and curvature, redistribution of stress and losses of pre-stress 

and interior activities. Extreme deflection at service loads is a direct result of such 

shrinkage and creep. For instance shortening in pre-stressed members and/or 

extreme camber is largely caused by creep. In addition, a failure in durability or 

serviceability occurs due to restraining shrinkage, causing time dependent cracking, 

as Kluwer Academic indicates in their draft recommendation 107-GCS Guidelines for 

the Formulation of Creep and Shrinkage Prediction Models by Kluwer (Kluwer 1995). 

The demand for harmonisation of methodological standards in Europe has led to the 

development of structural codes in Europe (Eurocodes) intended for adoption among 

members of the European Union. The function of the new codes (Eurocodes groups) 

is to narrow trading barriers and enable companies to compete on the basis of impartial 

rules across the European Union. Eurocode 2 adopted the principle of limit state from 

British Standards, and there are a range of documents produced from many UK bodies 

supporting the code, explaining the background and giving a commentary on the 

Eurocodes’ demands. The National Annex of each European Committee is published 

separately to support the Eurocodes. In the UK, this is supported by British Standards 

publication PD 6687:2006, which provides background information. In addition, the 

Concise Eurocode for the Design of Concrete, produced by the British Cement 

Association, distils elements from Eurocode 2, in a more use friendly way than the full 
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code, focusing on the essential information for the design of everyday concrete 

structures. In addition, a new edition of the Design Manual has been produced by the 

Institute of Structural Engineers. Both documents (the Concise Eurocode for the 

Design of Concrete produced by the British Cement Association and the new edition 

of the Design Manual produced by the Institute of Structural Engineers) contain further 

details and information not covered by Eurocode 2 (e.g. design methods and design 

charts drawn from British Standard BS 8110). 

The essential feat of Eurocode 2 is that the principles embodied in the code are quite 

similar to the principles of BS 8110, although there are some specific differences; this 

means that designers have no difficulty in dealing with Eurocode 2. In addition, a new 

grade of steel reinforcement is proposed and the cylinder strength of concrete is 

considered as the designing base. The terminology has also changed, with “action” 

indicating the load applied on structures and the terms “permanent” and “variable” 

replacing “imposed” and “dead loads”.   

The use of Eurocode 2 with the rest of Eurocode family codes in specific, it prefaces 

Eurocode; Basis of Structural Design published by British Standards Institution (1990) 

and Eurocode 1, Action on structures (1991) and navigates structural engineers 

through practicality of defining the right designing values for constructions. In addition, 

they presents an abstract overview of important variation between the Eurocode and 

BS 8110 and a glossary of terminology. 

The Eurocode project began to evolve in 1975, and the Eurocodes are now considered 

to be the most advanced structural guidance codes in the world. The advantages of 

using Eurocode 2 are highlighted below, (IStructE 2004). 

 The most technically advanced code available in the world 
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 Produces more economic benefit to structures than BS 8110 

 More exclusive than all previous codes 

 Less restrictive than all previous codes 

 The official code in all of the European public work sector 

 More efficient for use by structural designers around Europe, and thus results 

in better business opportunities 

 Well organised and logically ordered to avoid any repetition 

1.3 Research Aims, Questions and Objectives 

1.3.1 Aims 

In this thesis, the behaviour of restrained concrete slabs under load has been 

investigated. The focus of the research is the establishment and comparison of the 

serviceability limit state. This research aims to provide a better understanding of 

reinforced concrete slab deflection. The research fits into a project initiated by the 

Concrete Centre – London. As part of this project, an investigation programme with 

large-scale reinforced concrete slabs will be considered under loads. 

There is a requirement to document the performance of commercial reinforced 

concrete flat slabs in order to comment on current design assumptions. 

The aims of this research are: 

 To obtain new accurate deflection data from a commercial building site 

 To calibrate the Eurocode 2 rigorous method 

 To verify new span/depth (L/d) rules 
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1.3.2 Research Questions 

The research is answering the most fundamental deflection questions as below 

 What are the traditional L/250 and L/500 deflection limits values based on? 

 Are these values still adequate for modern structures? 

1.3.3 Objectives 

Site investigation and testing theory through observation and data collection was the 

main deductive approach of this research.   

A quantitative method was used to calculate and determine the deflection on concrete 

slabs, using Hydraulic Cells Levelling methods to monitor slab deflection on 

construction site. 

The project has the following characteristics: 

 A six-month lifecycle timeframe 

1.4 Eurocode Group 

The Eurocode family includes ten Eurocodes (more details are presented below), 

covering all the major structural materials. The Eurocodes are derived from the 

European Committee for Standardisation (CEN), replacing national standards in the 

European Union, with each country being required to release a Eurocode with a 

national title page and foreword. The primordial Eurocode text, however, is generated 

by the CEN as the initial body of the Eurocode. A National Annex is included as part 

of the final product. 

 BS EN 1990, Eurocode: Basis of Structural Design (structural safety, 

serviceability & durability) 

 BS EN 1991, Eurocode 1: Action on Structural (action on structures) 
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 BS EN 1992, Eurocode 2: Concrete (design & detailing) 

 BS EN 1993, Eurocode 3: Steel (design & detailing) 

 BS EN 1994, Eurocode 4: Composite (design & detailing) 

 BS EN 1995, Eurocode 5: Timber (design & detailing) 

 BS EN 1996, Eurocode 6: Masonry (design & detailing) 

 BS EN 1997, Eurocode 7: Geotechnical Design (geotechnical design) 

 BS EN 1998, Eurocode 8: Seismic Design (Seismic design) 

 BS EN 1992, Eurocode 9: Aluminium (design & detailing) 

1.4.1 Eurocode 2 

Eurocode 2 is considered to be the most advanced structural design standard code in 

the world according to IStructE (2004), and consists of four parts, as detailed below: 

Eurocode 2, Part 1-1 General rules and rules of building are published in British 

Standards Institution (2004) and is considered as the principal part, referenced by the 

other three parts in Eurocode 2. There are a number of variations between Eurocode 

2 and BS 8110, as set out below: 

 Eurocode 2 mainly evolved to provide guidance on structural phenomena 

(shear, bending and torsion) rather than the types of members as in BS 8110 

(slabs, columns and beams) 

 The derived formulae (bending, stress block details) are presented only as 

classical European guidance, while textbooks and other publications such Non-

Contradictory Complementary Information (NCCI) will provide the Eurocode 

application. The stress unit used is the Mega pascal (MPa) (1 MPa = 1 N/𝑚𝑚2) 
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 The comma is used in Eurocode 2 for the decimal point, while in the UK, 

designers are still using the decimal point. Hence, to prevent any confusion, the 

use of the comma is not allowed for separations of multiples of a thousand 

 The representation of one thousandth is %0 

 The steel reinforcement partial factor is 1.15, while the steel distinctive yield 

strength is 500 MPa, resulting in negligible effect 

 The practicality of Eurocode 2 to ribbed reinforcement and distinctive yield 

strengths 400 – 600 MPa, however no instruction on steel reinforcement or 

plain bar is presented in the Eurocode 2. Such an instruction is given in the UK 

National Annex, (British Standard Institution 2006) 

 The influence of geometric deficiency (national horizontal loads) is considered 

additionally to side loads 

 The minimum cover of concrete is refined to durability, fire resistance and bond 

strength; in addition, due to variations in implementation, deviation tolerances 

are included as a requirements. Eurocode 2 proposes 10 mm for casting 

concrete versus formwork, except that the structure is subjected to a 

characteristic assertion framework allowing a reduction of 0 – 5 mm, while 

unconfirmed members are unacceptable  (precast yard) 

 Eurocode 2 is valid up to a maximum concrete strength of C90/105 class, 

although several terms in the Eurocode are valid for higher classes over 

C50/60, due to differences in the maximum strength of concrete 
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 Eurocode 2 proposes the variable strut inclination technique to assess the 

shear capacity for pragmatic structures. The classified values are compared 

with structured values 

 For rectangular shape and from the face of the column, shear punch checks 

executed at 2d, circumference circulated at corners 

 Similar to BS 8110, the span to effective depth ratio technique is still considered 

suitable for serviceability checks 

 The lap length and anchorage principles defined are more complicated than in 

BS 8110. Eurocode 2 sets out the impact of the bar location at the casting edge, 

as well as the shape of cover and the bar 

1.5 Eurocode 2 Deflection Design and Analysis 

Designing and analysing slabs using Eurocode 2 is essentially similar as in BS 8110, 

although the content and layout of Eurocode 2 might be unfamiliar for some designers 

compared to BS 8110. Certain instructions and/or derived formulae on defining shear 

forces and distribution moments are not included in EC 2, due to the aim to present 

only essential rules and principles in EC 2, rather than detailed applications, which are 

left to other sources, such as textbooks. The principles of structural mechanics and 

materials reaction remain the same, however, and it is these standards of practice and 

codes that mainly require revision. Structural engineers and designers are 

recommended by IStructE (2004), to work on current code editions and any up to date 

modifications.  
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1.6 Factors Affecting Deflection 

The stiffness of constructed structures tends to be greater the shorter the span. As 

applications and technology have advanced, however, more flexible construction 

structures are required due to: 

 concrete strength, arising from the demand to progress the duration of the 

construction period, results in greater service stresses and stiffer concrete 

 In addition, excessive reinforcement strength, resulting in less reinforcement for 

the ultimate limit state, causes greater service stress 

 The need for a better comprehension of concrete structural behaviour and the 

capability to analyse the reaction of the structures more effectively using 

available computer programs 

 The commercial demand to develop an economic slab design, given that 

thicknesses are defined by the serviceability limit state and comprise 80% to 

90% of project costs 

 The demand from clients for sufficient flexibility and longer spans. 

There are a range of factors affecting deflection as The Concrete Society (2005) 

states. These factors are predominately time-dependent and interdependent, which 

makes it difficult to estimate deflection 

The primary factors are: 

 Creep 

 Concrete Tensile Strength 

 Elastic Modulus 
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Other factors include: 

Duration of loading, cracking of the concrete, shrinkage, time of loading, extent of 

stiffening by other elements, secondary load-paths, ambient conditions, degree of 

restraint and magnitude of loading. 

An adequate estimation of deflection may be obtained by observing each of these 

factors affecting deflection, as detailed below.  

1.6.1 Creep 

Creep is defined as an increase of time dependent intensive strain in an element of 

concrete subjected to intensive stress.  

From a design perspective, creep is normally considered as an alteration in the elastic 

modulus. The creep coefficient, φ, depends on environmental conditions (specifically 

humidity), the time at loading and the dimension of a member. To assess creep, the 

class of cement strength needs to be considered, although this is not an absolute 

requirement at the design stage. Commonly, the assumption is class R, where fly ash 

(pfa) comprises 20% of the content of the cement, or class N where ground granulated 

blast furnace slag (ggbs) comprises more than 35% of the cement. If the fly ash (pfa) 

content is greater than 35%, or if the ggbs is more than 65%, class S is the assumption 

(Mosley et al. 2007).  

1.6.2 Tensile Strength 

Cracks occur in concrete slabs when the tensile stress in the extreme fibre is 

exceeded. Tensile strength is therefore an important property that needs careful 

consideration in concrete slabs. In addition, the tensile strength, 𝑓𝑐𝑡𝑚, of the concrete 

is an initial value in Eurocode 2 and is crucial for deflection measurements, with its 

value increasing as the compressive strength increases. A comparison of tensile 
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strength values between Eurocode 2 and BS 8110 shows that it is more advantageous 

to use than Eurocode 2 where concrete strengths values are fixed. The effort put into 

restraining shrinkage activities will affect the effectiveness of the tensile strength of 

concrete slab structures. Walls with greater restraints tend to have less effective 

tensile strength. More details of a typical floor layout are given in (Figure 1.1) published 

by The Concrete Centre (2011). The expression below may express the concrete 

tensile strength: 

                                               𝑓𝑐𝑡𝑚,fl = (1.6 −
ℎ

1000
) 𝑓𝑐𝑡𝑚 > 𝑓𝑐𝑡𝑚                           (Eq. 1.4) 

Where 

𝑓𝑐𝑡𝑚,fl = 𝑀𝑒𝑎𝑛 𝑓𝑙𝑒𝑥𝑢𝑎𝑙 𝑡𝑒𝑛𝑠𝑖𝑙𝑒 𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑟𝑒𝑖𝑛𝑓𝑜𝑟𝑐𝑒𝑑 𝑐𝑜𝑛𝑐𝑟𝑒𝑡𝑒 

𝑓𝑐𝑡𝑚 = 𝑀𝑒𝑎𝑛 𝑡𝑒𝑛𝑠𝑖𝑙𝑒 𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑐𝑜𝑛𝑐𝑟𝑒𝑡𝑒  

 

Figure 1.1 Typical Floor Layouts 

1.6.3 Elastic Modulus 

Curing status, aggregate pattern and workmanship are all factors that affect the elastic 

modulus in slab concrete structures. Over time, creep causes a reaction in the 
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effective elastic modulus due to sustained load. To define an adequate elastic 

modulus, therefore, accuracy is required. To define an adequate elastic modulus, 

Eurocode 2 proposes simulated values for a 28 day period.  

1.6.4 Cracking 

Cracking extension and the level at which cracking capacity is exceeded have an 

influence on deflection of slab sections.  The cracking zone is defined by moments 

stimulated in the concrete slab and the tensile strength of the section, causing cracks 

to increase over time. The critical condition occurs when a slab is subjected to a load 

from the casting slab above and/or the slab is pummelled. When a crack occurs it 

causes a perpetual reduction to its stiffness. It is crucial to define the critical point at 

the initial stages of cracking in order to control that cracking. In this case critical load 

equates to the minimum value of K, where: 

                                                        𝐾 = 𝑓𝑐𝑡𝑚/(𝑊/√0.5)                                   (Eq. 1.5) 

Where 

𝑊 = The serviceability applied load on that level 

𝑓𝑐𝑡𝑚 = The tensile strength of concrete at that level 

The degree of cracking (ξ) computed for the periodic combination is also considered 

for the quasi-perpetual combination, where the periodic combination is at the critical 

loading level, but not at the earlier loading period. The degree of cracking (ξ) value 

should be carried forward at the earlier stage to all subsequent loading levels, if an 

earlier level is considers to be critical. 
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1.6.5 Shrinkage Curvature 

The factors influencing shrinkage are humidity, the ratio of water/cement and the 

shape and size of the section. Shrinkage in an asymmetrically reinforced concrete 

section serves to stimulate a curvature which causes considerable deflection in 

shallow sections. Avoiding such deflections requires careful consideration in the 

computation of deflection. 

1.6.6 Loading Succession 

Timing and the loading succession are key factors in defining the deflection of a 

pendent concrete slab due to their effects on the point where the slab is cracking. In 

addition, they can be used to compute the creep for the concrete slab. The loading 

succession may vary, however, depending on the technique of construction: casting 

additional concrete slabs above results in smaller imposed loads, hence, the erection 

of partitions and floor finishes causes perpetual increases of the loads. Eventually, the 

alterable reaction exercised on the concrete structure along with quasi-perpetual 

incorporation may be used to compute the deflection, as indicated by The Concrete 

Centre (2011). There is a probability of quasi-permanent integration being exceeded 

through the life span of the structure, however. In addition, frequent integration may 

reach a critical point, while defining the crack in the slab. 

Market pressure predominately result in more demand hit the formwork earlier in the 

construction process, with the construction of subsequent floors commencing with 

minimal propped sections. A flat slab test result indicated that 70% of loading from the 

freshly casted floor above (construction loads, formwork and wet concrete) is 

supported by the suspended floor below. After installing the partitions and/or cladding, 

normally, adding load to the formwork earlier creates no excessive effect on deflection 
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due to cracking slab before partitions and/or the cladding installation, where the 

deflection effectiveness on partitions gets smaller. 

1.7 Deflection Checking Methods 

Eurocode 2 is one of the most advanced design codes available, sufficient for use in 

checking deflection by calculation. The technique for calculating deflection in 

Eurocode 2 is the deemed-to-satisfy span to-effective-depth ratio. These methods are 

compatible and economic for use with large designs (Moss and Brooker 2006).  

Some conditions where direct deflection computation is required, are listed below: 

 If an assumption of deflection is needed 

 If the deflection limits are not adequate for the span/250 for quasi-perpetual 

behaviours, or span/500 for partition members and/or cladding load 

 Direct examination of deflection proposes an economic solution, when the 

design demands a specific shallow section 

 To define the impact on deflection of premature striking of formwork or of interim 

load construction periods on the structure 

The Concrete Society (2005) indicated in its technical report no. 58 that finite element 

methods are generally considered as the functional methods to obtain actual values 

of deflections. Limiting quasi-permanent, long-term, and deflection to span/250 is 

normal, however, unless a specific demand is required, and if cladding or brittle 

partitions have been supported, to control the movement influencing to span/500 (Tovi 

et al 2016). 

The deflection of slab structures subjected to various loads increases as a result of 

shrinkage from losing moisture and creep due to the applied load. The methods of 
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structural design engineering used to predict deformation define the immediate 

reaction of the constructed structure when subjected to the applied load. In addition, 

though, a magnification of the initial deflection occurs due to time dependent elements 

of shrinkage and creep. 

Time has a significant impact in terms of changing the rate of deformation in 

construction structures. It was argued by Heiman and Taylor (1977) that five years is 

a crucial time for the displacement to reach peak value, and although time dependent 

deflection can be computed at any time period, the prevalent procedure for design 

purposes is to assess the ultimate value at five years. 

Various concrete construction projects and designs have demonstrated the 

constraining dimensions in slab system structures, with thickness reduction in slabs 

having impacts on the structure. Furthermore, reinforcement is required to obtain 

substantial strength, and to ensure serviceability limits are met to control the cracking. 

The long-duration deflection prediction requirement and an appropriate degree of 

accuracy for one-way system slabs and two-way system slabs are explained by the 

reaction of extreme deflections. 

The deformation of large slabs may cause cracking in finishes and partitions, damaged 

windows and doors, inadmissible flooring slopes and roof ponds. Heiman and Taylor 

(1977) stated that deflection increases due to loading slabs throughout the 

construction period during supporting procedures. Loading normally occurs at early 

stages, resulting in extreme cracking and slabs losing stiffness. 

Slabs are comparatively thin structures for spanning, which means that deflection is a 

crucial consideration at the design stage. Due to lower costs and ease of use, slab 
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systems are the most popular form of constructed structures, and as a result, structural 

engineers innovate new ways to construct slabs efficiently. 

1.8 Deflection Calculation Methods 

The best methods for calculating deflection are recommended by The Concrete 

Society (2005) technical report no.58, as presented below: 

1.8.1 Rigorous Method 

The rigorous method is the most useful method for calculating deflection; it is an 

appropriate technique to define an actual assumption of deflection but should be used 

with computer simulation only. Numerous spreadsheets have been presented by The 

Concrete Centre using the rigorous method to define the deflection calculation for 

various types of slabs and beams, as indicated by Goodchild and Webster (2006). The 

rigorous method is a cost-effective guide to execute particular deflection computations, 

in addition, it contains the capacity to recommend the effect of early stage loading on 

the slab structure. In addition, using finite element analysis may also be useful to 

generate a predictive value of deflection. 

1.8.2 Simplified Method 

A simplified method is practical for computing deflection by hand calculation, and is 

also useful to estimating and verifying deflection value results from computer programs 

and/or where the program or computer are not available. The essential simplification 

of this method is that the impacts of loading at the early stage are not accounted for 

specifically. In fact, when computing the cracking moment, an allowance is produced 

for the impacts. The deformation from the curvature of the concrete slab is simplified 

and considers creep. 
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1.9 Research Structure 

The layout and structure of the thesis is presented below. The thesis is divided into 

Eight Chapters. 

Chapter One: Introduction 

This chapter lays out the general background, current knowledge, the aims, the 

research questions, objectives of the research and the structure of the research. 

Chapter Two: Literature Review 

This chapter presents a critical literature review of the deflection of slabs and the 

fundamental deflection problems that underlie the objectives of the research. These 

include the experimental studies and technical methods to control deflection of slabs. 

In addition, the chapter presents current work in the area of developing appropriate 

study cases. 

Chapter Three: Methodology and Construction Site Investigation 

This chapter proposes the design of the research. The research is based on a 

quantitative methodology which is underpinned by advanced structural analysis of the 

Eurocode 2 requirements and sensitivity testing to analyse and model the impact of 

variable current and future deflection patterns on detached flat slab reinforced 

concrete. The site investigation analysis aims to identify input parameters and various 

passive design scenarios which have a significant effect on deflection of flat slabs and 

serviceability limit state performance design. The chapter presents the methods used 

in the site investigation process and the data collection over a period of 142 days. 
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1.10 Research Contribution  

The contribution of this research is to confirm that the Current Performance and the 

Design Deflection Limits in the Eurocode 2 (2008) calculations and tabulated values 

are acceptable. 

It is highly recommended that this research project should be extended by using 

different methods to investigate the deflection of reinforce concrete slabs for longer 

periods (of 1-3 years). Investigations over a longer time scale using a range of 

equipment and methods will give more data than can be obtained from the use of an 

Hydraulic Cell Levelling system in isolation. 

It will be interesting to carry out comparative research between various methods of 

deflection calculation and the results of this research project to obtain a complete 

perspective on Current Performance and the Design Deflection Limits to the Eurocode 

2. 
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Chapter Four: Hydrostatic Cells Levelling 

This chapter investigates the use of the Hydrostatic Cells Levelling (HCL) method to 

determine deflection of reinforced concrete flat slabs and for remote data collection to 

the GETEC server. The results points to the use of this approach as a credible 

statistical validation method for evaluating the agreement between monitored and 

simulated structural analysis software using a network of sensors. 

The HCL system detects the changes in hydrostatic pressure relative to a reference 

cell which is located out of the zone of influence. The change is used to calculate the 

vertical deformations. 

GETEC HCL provides an accurate and near real-time method for measuring vertical 

movements. 

Chapter Five: Deformation of Multi-Storey Flat Slabs, a Finite Elements Analysis 

and Precise Levelling 

This chapter explores the simulation software and computer interfaces involved. 

Bentley and ETABS supplement computationally complex analytical choices such as 

dynamic nonlinear behaviour, and powerful CAD-like designing tools in a graphical 

and object-based interface to give the profession the ultimate efficient and complete 

software for the analysis and design of structures. 

This chapter also provides calibration of Finite Elements packages for monitoring the 

deformation of structures with flat slabs and presents and discusses the experimental 

results for the vertical deformation. Computational simulation by using Bentley and 

ETABS has been used to analyse and determine deflection on reinforced concrete 

slabs according to Eurocode 2. In addition, Precise Levelling has been used on 

Elephant & Castel construction site Block H10C to observe the deflation on flat slab.  
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Chapter Six: Evaluation of Column Shortening in mid-rise Concrete Structures 

This chapter aims to investigate the effects of ambient temperature, relative humidity, 

cement hardening speed and aggregate type on concrete column shortening. The 

investigation was conducted using a column shortening prediction model which is 

underpinned by the Eurocode 2. 

The phenomenon of concrete column shortening has been widely acknowledged since 

it first became apparent in the 1960s. Axial column shortening is due to the combined 

effect of elastic and inelastic deformations, shrinkage and creep.  

Chapter Seven: Analysis of Results and Discussion  

This chapter discusses and analyse the site investigation and specifies the allowable 

tolerances that the primary structural frame should be constructed to achieve. It also 

describes the movements that the structure will experience during construction and 

the lifespan of the building. 

This chapter is intended to analyse the allowable positional variation of the structure 

due to movement and construction tolerance, and to advise as to what structural 

movements need to be allowed for in follow-on trades and interfaces. 

Chapter Eight: Conclusions 

The final chapter summarises and highlights the main outcomes drawn from the 

preceding chapters and presents an overview of the conclusions of the research. The 

practical application of the findings and the modest contributions of this research to 

knowledge are also pinpointed. This is followed by recommendations for the logical 

continuation and development of the research. 
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CHAPTER TWO: Literature Review of Deflection of Slabs 

Concrete flat slabs designed to the span/depth rules in the Eurocode 2 and its 

predecessors have usually performed acceptably in service. However deflection in flat 

slabs is a complex issue: the relevant loads are commonly long-term and actual 

deflection depends on construction and loading history as well as on loading Eurocode 

2 (2008). A full analysis of the relevant experiment data and theory to try decide exactly 

what the ‘correct’ span/depth ratios are for all circumstances would be a major 

research project.  

2.1 Deflection of Slabs 

The deflection of concrete slabs is significantly complicated by the degree of cracking 

and time dependent concrete properties. The deflection of structural members can be 

accommodated in the design stage without causing damage to partitions or finishes. 

The problem can be tackled by considering immediate and long-term deflections 

separately, as discussed below. 

Goodchild (2000) approached the deflection of flat slab reinforcement by referring to 

a report presented in Vollum (1999) explaining the difficulty in predicting the 

deflections of flat slabs at the design stage in the field due to the following factors: 

 Long-term service load 

 Constructed loads/strength of concrete at shrinkage 

 Tensile strength of concrete 

 The exact position of steel reinforcement 

 The exact thickness of slabs 

 Coefficients of shrinkage and creep 
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2.1.1 Instantaneous Deflections  

To calculate instantaneous deflections of flat plates subjected to a uniform distributed 

load classical elastic plate theory is used, which is based on thin isotropic plates and 

small deformations. 

Timoshenko and Woinowsky – Krieger (1959) proposed an equation where deflections 

can be calculated at point (X, Y) by solving the plate equation: 

                                                     
𝜕4∆

𝜕𝑋4 +
2 ∂4∆

𝜕𝑋2𝜕𝑌2 +
𝜕4∆

𝜕𝑌4 =
𝑊

𝐷
                                   (Eq. 2.1) 

Where:    ∆ = 𝑑𝑒𝑓𝑙𝑒𝑐𝑡𝑖𝑜𝑛 𝑎𝑡 𝑝𝑜𝑖𝑛𝑡 (𝑋, 𝑌) 

    𝑊 = 𝑡𝑟𝑎𝑛𝑠𝑣𝑒𝑟𝑠𝑒 𝑙𝑜𝑎𝑑 

    𝐷 = 𝑓𝑙𝑒𝑥𝑢𝑟𝑎𝑙 𝑝𝑙𝑎𝑡𝑒 𝑟𝑖𝑔𝑖𝑑𝑖𝑡𝑦 =  
𝐸

𝐶ℎ3

12( 1 − 𝑣2 )
  

    ℎ = 𝑝𝑙𝑎𝑡𝑒 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠  

    𝑣 = 𝑃𝑜𝑖𝑠𝑠𝑜𝑛′𝑠 𝑟𝑎𝑡𝑖𝑜 

    𝐸𝐶 = 𝑚𝑜𝑑𝑢𝑙𝑢𝑠 𝑜𝑓 𝑒𝑙𝑎𝑠𝑡𝑖𝑐𝑖𝑡𝑦 

The method been catalogued by Timoshenko and Woinowsky – Krieger (1959) for 

numerous isolated plate cases. However two way cases continuous floor system need 

to be consolidated by using indeterminate structural solution techniques, although 

sacrificial solutions have also been stated by Timoshenko and Woinowsky – Krieger 

(1959) where plate moments are calculated anticipating coefficients tabulated 

according to support conditions and panel aspect ratio. Coefficients are also 

progressed to calculate centre panel deflections for standard interior flat plate panels 

supported on a column. 



53 
 

The standard for two-way slab design is an equivalent method in both the Canadian 

Standards Association (CSA) (1997) and American Concrete Institute (ACI) (1983). 

The slab system is convergent by continuous frames centred along column lines in 

both directions. This method was initially outlined by Peabody (1948) for continuous 

elastic frame analysis. 

Vanderbilt et al. (1965) also described a method to calculate deflections based on an 

equivalent frame approach. A continuous slab system is broken into beam and plate 

elements bounded by lines of anti-buckling (contraflexure). The mid-panel point 

deflection consists of the centreline deflection of a long beam in addition to the 

deflection of the beam edge with respect to the centreline as well as the deflection of 

the plate element. 

Nilson and Walters (1975) proposed a more direct application of an equivalent frame 

procedure. The method calculates deflections for orthogonal middle and column strips 

separately, and employs superposition to obtain definitive mid-panel deflection. 

Kripanarayan and Branson (1976) extended this method to include the effects of 

cracking when calculating the deflections. The equivalent frame stiffness is modified 

by using a weighted average for an effective inertia period computed at the positive 

and negative moment locations. 

Rangan (1976) proposed a calculation for mid-panel deflection of a flat plate as the 

sum of the mid-span deflections of the column – beam strip in the long direction, and 

middle beam strip in the short direction. Strips were taken into account separately, 

with the beam taking a uniformly distributed load and applied end moment. A similar 

approach was applied by Scanlon and Murray (1982), with the equivalent uniform strip 

load and actual beam moments in the deflection calculation has been predicted. 
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The most efficient way to approach the plate analysis is the finite element method, 

however,which provides a more comprehensive approach to plate analysis than the 

equivalent frame methods described above. Taking into account that most finite 

element programmes apply linear elastic analyses, Jofriet (1973), Jofriet and McNeice 

(1971), Scanlon (1971), and Scanlon and Murray (1982) contemplate the inelastic 

framework by considering element stiffness matrices to calculate flexural concrete 

cracking. 

2.1.2 Long Duration Deflections 

The fundamental combinations of long duration deflections of concrete members are 

creep and shrinkage. In order to calculate the additional creep and shrinkage 

deflection based on a computed initial elastic deflection, it is essential to use a 

simplified multiplier approach, as shown by Washa and Fluck (1952), Washa and 

Fluck (1956), and Yu and Winter (1960) on a cracked beam subjected to sustained 

loading. The essential additional creep and shrinkage multiplier is embraced by the 

American Concrete Institutes (ACI 1983). 

In the case of a one-way system the equation below can be used: 

𝜆 = [2 −
1.2𝐴𝑆

′

𝐴𝑆
] > 0.6                                                    (Eq.2.2) 

Where:     𝜆 = 𝑎𝑑𝑑𝑖𝑡𝑖𝑜𝑛𝑎𝑙 𝑙𝑜𝑛𝑔 𝑑𝑢𝑟𝑎𝑡𝑖𝑜𝑛 𝑑𝑒𝑓𝑙𝑒𝑐𝑡𝑖𝑜𝑛 𝑚𝑢𝑙𝑡𝑖𝑝𝑙𝑖𝑒𝑟 

    𝐴𝑆 = 𝑡𝑒𝑛𝑠𝑖𝑙𝑒 𝑠𝑡𝑒𝑒𝑙 𝑎𝑟𝑒𝑎 

    𝐴𝑆
′ = 𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑖𝑣𝑒 𝑠𝑡𝑒𝑒𝑙 𝑎𝑟𝑒𝑎 

The actual technique can also be used to calculate two way systems. Concrete slabs 

are known to rarely contain considerable amounts of compressive steel, which leads 

to the instantaneous elastic being doubled, leading to additional long duration 
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deflection due to shrinkage and creep. Branson (1977) tackled the deflection caused 

by creep and shrinkage by developing a procedure to calculate the creep and 

shrinkage deflections that has been summarised by the American Concrete Institute 

(ACI) (1982). This technique is useful for design use in spite of demanding the input 

of a lot of parameters. Scanlon (1971), meanwhile, managed to merge time dependent 

effects instantly into a finite element analysis of concrete slabs deflections, which is 

quite useful in developing appropriate serviceability demand and straightforward 

deflection calculation methods. In addition, the American Concrete Institute (ACI) 

(1982) calculation of instantaneous deflection uses an initial elastic finite element 

analysis method implementing a multiplier approach simultaneously with effects of 

cracking to compute additional long duration deflection. 

Goodchild (2000) assumed that the prediction of deflection may require effective load 

to be approached by a solitary long term load and a solitary value for the material 

properties of the concrete to present: 

 Coefficients of shrinkage and creep 

 Concrete’s elastic modulus 

 The tensile strength of concrete 

Loading, and the selection of adequate material properties plays significant rules of 

concrete deflection.  

2.2 Maximum Deflection 

Examination of ultimate deflection relies on the loading history of the building, at a 

twenty eight day period, with the ultimate service loads applied contrasted with those 

loads that may vary in volume and the period of application.     
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Generally fresh concrete slabs in multi-storey flat slab construction are propped by 

other formally cast concrete slabs from a range of types: propped, and re-propped, 

recognised as floor supporting floor. Supporting commonly depends on vertical posts, 

horizontal liners and cross members that provide support for the formwork, as well as 

slabs that are freshly casted to lower levels. Propped designs are comparable to re-

propped ones to free formwork for use on subsequent levels. 

Primarily, re-propped designs uphold negligible load, as explained in more detail by 

Nielsen’s (1952) analysis of load distribution between connected propped and floor 

slabs. Nielsen’s procedure treats the deformation characteristics of the slabs and 

props, showing that the slabs and props that uphold construction loads have an explicit 

load ratio that can be determined by using the equation below: 

𝑘 =  
𝑙𝑜𝑎𝑑 𝑐𝑎𝑟𝑟𝑖𝑒𝑑 𝑏𝑦 𝑠𝑙𝑎𝑏

𝑠𝑙𝑎𝑏+𝑓𝑜𝑟𝑚𝑤𝑜𝑟𝑘 𝑤𝑒𝑖𝑔ℎ𝑡
                                         (Eq.2.3) 

Where:                                𝑘 = 𝑐𝑜𝑛𝑠𝑡𝑟𝑢𝑐𝑡𝑖𝑜𝑛 𝑙𝑜𝑎𝑑 𝑟𝑎𝑖𝑡𝑜 

Nielsen managed to calculate the maximum load ratio on a concrete slab and found it 

to be 2.56 taking into account three levels of props. Meanwhile a simple method was 

developed by Kabaila and Grundy (1963) to tackle the distribution of load between 

slabs throughout the construction period, considering the suppositions below: 

 Props are indefinitely solid in vertical displacement compared to slabs 

 Props  will react as a distribution load if they are located close enough together 

 The applied load is distributed among the slabs related to their proportional 

flexural stiffness 

The maximum load ratio for concrete slab sections occurs when the props connecting 

the supporting assembly with the ground floor are removed, and the ratio increases 
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for upper levels. For the same section suggested by Kabaila, Nielsen and Grundy 

obtained an absolute value of a maximum load ratio of 2.36, while the obtained value 

for upper levels was 2.00. Changing the number of propped floors has a small 

influence on the maximum action ratio value, with a decrease in the number of propped 

floors decreasing the age at which the maximum ratio for the reinforced concrete slab, 

thereby leading to a further critical situation. 

Analysis curried out by Kabaila and Grundy showed that if the stable flexural stiffness 

for the upholding assembly slabs is altered, the distributions of loads among the slabs 

will be affected, due to cracking of slabs during the construction period. The maximum 

load ratios calculated earlier decrease by 10 percent for the supporting slabs due to 

the effect of cracking on the load distribution factors, as Sbarounis (1984) determined. 

Using a system of props and floors in order to rule the construction loads requires the 

use of Beresford and Blakey’s (1965) method of a stepped sequence of construction, 

involving the casting of fresh slabs and giving additional time to evolve adequate 

strength ahead of the application of a construction load. While Taylor’s (1967) method 

of stripping formwork to decrease the impact loads on slabs over construction time, 

recommended loosening and straining adjustable props ahead of each new slab that 

is cast; in this case, the loads which are distributed to the slabs and props are indeed 

reduced. Practically, to make this technique functioning properly, all props need to be 

loosened simultaneously at one level, this leads to a reduction in the maximum load 

ratio from the 2.36 which was achieved by Kabaila and Grundy, to 1.44, which is 

Taylor’s value. 

Grander and Agarwal (1974) expressed their agreement through field measurement 

techniques that calculated construction loads, and other reports have suggested the 

main maximum measured load ratio to be greater by 4 percent than the corresponding 
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theoretical value in the case of a multi-storey flat slab building with fifteen floors, as in 

Ng and Lasisi (1979). In addition to dead loads, a live load impact report from Hurd 

(1967) for a formed design suggests a minimum construction live load of 2.4 kPa, 

although there is no consideration of Kabaila and Grundy’s theory to any construction 

live loads in calculating the predicted load distributed to props and slabs. Nonetheless, 

Ng and Lasisi’s (1979) theory approaches to a technique summarising the effect of 

live loads. A construction live load of 2.4 kPa extracted after the day of casting, and a 

constant 𝐸𝐶 for slabs connected in one resupport level plus two support levels in a flat 

plate structure supporting assembly, results in the ultimate maximum load ratio 

exceeding the Kabaila and Grundy maximum load ratio by 9 percent. In the supporting 

assembly, the calculated construction live load results in an increase of the ultimate 

load held by the lowest slab, as Agarwal and Gardner (1974) and Sbaroinis (1984) 

indicate, while an additional load was recommended by Sbarounis for both cracked 

and uncracked slabs. 

2.3 Cracking Impact on Concrete Slabs 

Applied loads cause cracking in slab members, but cracking may also occur due to 

restraint of shrinkage. Bending moments develop due to loading of the concrete, 

resulting in flexural cracking that will exceed the cracking moment, which is the 

immediate result of the tensile strength of the concrete. Concrete curing practicability 

depends on various atmospheric conditions such as wind, humidity, temperature and 

concrete strength properties at an early age. Also, the degree of cracking in concrete 

will increase as a result of warping of slab sections, causing shrinkage due to bad 

curing status.  

Concrete’s effective tensile strength will be reduced and may also increase cracking 

in slab systems due to restraint by reinforcement, column supports and adjacent 
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panels. The bending stiffness of slab panels decreases as a result of cracking effects. 

Mid-panel regions will also get their share of overall cracking in flat plates, in spite of 

developing around panel supports in most cases; as a result adjacent locations will 

develop further cracking as a consequence of moment redistribution.  

Long term and initial panel deflections increase as the slab stiffness is reduced, and 

by reducing the flexural stiffness in the cracking territory, the impact of cracking can 

be calculated. When concrete slabs are subordinated to a moment higher than the 

cracking moment, a sophisticated experimental relationship proposed by Branson 

(1963) can be used to compute an effective moment of subsidence. Other studies 

have tried to understand the mechanism of deflection by making further delicate 

assessments of density and cracking distribution in flat concrete slabs. A considerable 

degree of cracking was assumed by Heiman (1974) to obtain better results for much 

smaller deflections than the actual measurement in the case of four separated slabs 

of inertia procedure by using American Concrete Institute (ACI) effective moment.  

In middle strips, using the full cracking moment of subsidence is recommended by 

Ragan (1976) for column strips and fully uncracked and cracked average moment of 

subsidence. Ragan’s proposal corresponds to Heiman’s recommendation of 

calculating the deflection of slabs, but Heiman’s technique is perhaps not suitable for 

all cracked slabs. 

Furthermore, Murray and Scalon (1982) proposed a more comprehensive method to 

compute the cracking effect, comprising of the effects as a consequent of restraint. 

Cracking estimation within slabs relies on precise prediction of a slab’s deflection. The 

most common sources of cracking in a slab are exceeded moments as a result of 

loading, in spite of restraint and shrinkage, and these may cause a considerable 
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degree of cracking. Throughout the construction period, a considerable load may 

develop simulating this moment into slabs. In fact, decreasing tensile strength at an 

early stage will cause concrete to develop more extensive problems. 

2.4 Deflection Calculation 

Site investigation measurements of two-way concrete slab deflection are not 

extensive. Australia and the US have managed to document a significant amount of 

data related to plates and flat concrete slabs, but there are only a handful of research 

studies that indicate the deflection problems of one-way and two-way slabs. It is worth 

mentioning, however, that regulations and construction property materials are likely to 

vary in different countries. 

Vollum (2004) published a report on deflection by analysing the backdrop forces at 

Cardington, indicating that the load on a slab occurs when the slab above is cast. The 

report concluded that a major proportion of the load from casting the slab above was 

carried by the upper floor in a supporting assembly, differing from the conventional 

understanding that the load is distributed evenly between floors. The result was 

inspected at St George’s Wharf when the back prop forces were calculated on the 

sixth floor during construction. The report at Cardington confirms that most of the 

derivations drawn from investigation into construction loading and deflection are valid 

for the intended purposes. The most substantial conclusions are: 

 engineers should consider that flat slabs are subjected to peak construction 

loads and thus model slabs accordingly 

 back prop forces may be considerably underestimated in elastic analysis if 

there is overloading as a result of neglecting temperature and preloaded actions 
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Empirical research into flat plate lightweight concrete carried out by Blakey (1961) 

indicated that the deflection ratio after a 200 day period was 7 for an interior panel in 

the middle position related to the deflection of the primary dead load. Blakey (1963), 

however, developed this work to show the ratio if deflection in a structure characterised 

by three bays spanning 9 ft (2.74 m) in one direction and another three bays spanning 

12 ft (3.7 m) in the other direction, with a long direction of 4.5 ft (1.4 m) cantilevers. 

This case utilised a 3.5 mm thick flat plate of lightweight concrete that was subjected 

to self-load only for a period of eight months. Blakey concluded that the extent of the 

deflection at the middle region of the interior panel increasing by 12 times in 

comparison with the initial elastic deflection. Of this examined deflection, 20 % was 

attributed to differential column settlements, 40 % to addition cracking resulting from 

reduced stiffness and to local bond slip, and 40 % to creep. It was recorded that the 

reinforced concrete slab was constructed of expanded shale concrete that underwent 

fluctuations in relative humidity and temperature, and was exposed to direct sunlight 

during the observation and construction time. 

Branson (1977) approached the deflection calculation in a different way by taking nine 

panels and using normal loaded two-way slab system to tackle the deflection problem. 

Each panel was 6 ft (1.8 m) square with deep beams in proportion. Branson designed 

the experiment for a period of 500 days ahead by loading the structure using sand 

bags at 30 days. Thus, the time dependent maximum ratio to initial deflection 

converged to five. 

Taylor (1970) examined long-term deflections for a concrete slab constructed in North 

Sydney, Australia. The longer span/depth ratio was 31.0. Ratios of initial three day 

deflection calculations to those considered 2.5 years later indicate increased from 6.5 

to 10 for deflections at the middle of interior sections. The previous theory suggested 
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that the partial cause of the high multipliers is the concrete properties of shrinkage and 

higher creep. Branson’s (1977) technique obtained superior outcomes when creep 

and shrinkage deflections were individually investigated compared to long-term 

deflection calculations, subsequently resulting in cracks in the concrete slabs. 

The deflections of flexural sections in four different Australian structures were 

examined by Heiman in (1974). The reinforced concrete slab structural systems 

considered were: 

 A flat plate roof in a two storey commercial structure (𝐿/ℎ = 31) 

 A flat slab in a three storey unenclosed car park (𝐿/ℎ = 36) 

 A flat plate in a four storey motel and car park (𝐿/ℎ = 31) 

 A tapered beam and slab structure in a fifty storey circular high altitude structure 

(𝐿/ℎ = 21) for beams 

The investigation was carried out for a period of eight years, and the deflection ratio 

monitored and recorded for the period between two and half to eight years. The slabs 

in the first two systems were propped to upper slabs or directly supported on the floor 

below, resulting in a small amount of construction load. The long term to premier 

deflection ratio was 8.7 for the first structure and 5.1 to 6.3 was the range ratio for the 

second structure. In both structures (first and second) shrinkage deflection was 

suggested to be the main factor, while the remaining structures (third and fourth) were 

subjected to heavy construction loads from slabs cast above. In the third structure, 

additional deformation and slab loading during the construction period were stabilised 

by supports onto the ground directly. 
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At the early age of construction, loading will have an impact on spacious cracking as 

Heiman (1974) concluded for all four structures by using American Concrete Institute 

(ACI) code method and Branson’s method, whereby long-term deflections were 

calculated. Using the former method, the calculated deflection 34 to 67 percent was 

the range below those calculated, with the latter method calculated deflection ranged 

from 13 below to 17 above. The second pattern was dependent on the assumed 

degree of cracking in the reinforced concrete slabs. 

A flat plate construction in Australia was investigated and reported by Jenkins (1974) 

on the fourth floor of a five storey building; the report recorded a deflection ratio of 

approximately 4 after one year dead load to the initial 10 years’ deflection. Massive 

construction loads were supported by the slab, and the heavy load was from the floor 

slab above and bricks stored for the partition structure.  

Sbarounis (1984) explored the deflections for a flat plate multi-storey structure in the 

US. The investigation was carried out over a period of a year on 13 floors alternately, 

with measurements taken over 175 days. Sbarounis noted that the calculated 

deflections were exceeded by one inch at one year in almost 90 % of cases and, as a 

result, 36.4 was the longer span to depth ratio. Sbarounis (1984) assumed 4.2 as a 

multiplier for one year to calculate the long-term deflections, which is in close 

agreement with the average of the calculated deflections for the one year period. 

Due to the shrinkage and high creep associated with concrete, greater multipliers 

could be attributed, especially if the construction is taking place in severe 

environmental conditions. Concrete slab structures under intensive load early in the 

construction period will eventually develop cracks and decrease in stiffness. Greater 
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premier deflections cause further deflections and eventually a comprehensive 

deformation effect on structures. 

2.5 Design Code Limitations for Deflection 

The minimum thickness of a one-way slab system and two-way slabs systems is the 

standard principal definition code limitation for deflections, considering column sizes, 

the shape of the panel, drop panel and/or presence of edge beams, spans, the edge 

panel’s effectiveness, reinforcement grade and size of the supporting columns. 

If a reinforced concrete flat slab meets the minimum thickness requirements deflection 

need not be calculated. For thinner concrete flat slabs, calculated deflections should 

not exceed the required limit. These limits pertain to instant imposed load deflection 

and long term deflection resulting after the attachment of non-structural factors due to 

sustained action. And instant deflection due to any further imposed (live load) action. 

The additional long term deflection is calculated as a multiple of the instant elastic 

deflection, normally 2 for slab systems. 

There are no individual provisions calculating the influence of live loads at an early 

age. Increased cracking may result in greater instant deflections. Any underestimation 

of the instant deflection may be magnified when a multiplier method is considered to 

compute additional long-term deflection. In addition, the maximum live load could be 

greater than the total service loads that are considered to examine the serviceability 

limits required in the code. Both these elements could cause unsatisfactory deflections 

in reinforced concrete flat slabs otherwise meeting code specifications. 

Goodchild (2009) indicated that determining deflections are usually presented as 

span/250 for overall deflection, and for deflection after non – structural installation, the 

determining deflection is span/500. Realistically, the codes set ultimate limitations but 
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achieving the span/250 limitation is Eurocodes’s objective. Hence, modular 

construction may demand accurate measurements and estimates of deflection. 

Realistically, not enough details are available from Eurocode 2 to indicate which 

members of a structure will be highly or lightly stressed. While Beeby and Narayanan 

(1995) indicated that slabs generally will be lightly stressed, beams will be stressed 

more heavily. Eurocode 2 (2008) presents a deemed-to-satisfy span to depth ratio 

technique to ensure acceptance with admittance criteria, resulting in adequacy and 

economic resolution. While such techniques are not intended to predict the deflection 

on each member, computing deflections could be desirable in some circumstance: 

 Accommodating the amount of motion may have a considerable economic 

effect on fixing partitions and cladding 

 The rigorous approach leads to less reinforcement members or smaller 

members (i.e. an efficient economic design) 

 If deflection predictions are demanded or certain deflection limits are 

additionally fatigued than the ones recommended by the standard construction 

code should be used  

The Concrete Society (2005) indicated in technical report no.58 that grillage and finite 

element methods are generally considered to be functional methods to obtain actual 

values of deflections. Limiting quasi–permanent / long-term deflection to span/250 is 

normal unless a specific demand is required, but if cladding or brittle partitions are 

being supported, control of the motion is set to span/500. In such circumstances it is 

necessary to execute a supplementary programme to estimate deflection values. 
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Table 2.1 Recommends Traditional Limiting Design values of Horizontal 

Deformations as Function of High 𝑯 of Structure or High 𝑯𝟏 Building (Euro Code 

2). 

Serviceability 
requirement 

Functioning of 
structure 

Comfort of uses Appearance of 
structure 

Combination of 
actions to be 
considered 

Characteristic Frequent Quasi-permanent 

Single-storey 
building 

H/400   

Multi-storey 
buildings: 

-in general 

-with brittle 

Partition 

Walls 

 

 

 

H/200 

 

H/500 

  

 

 

 

 

 

L/d (deflection 
check) 

EN1992 rules inaccurate: reviewed rules demanded. (TCC 
has done some work in this region, however needs to be 
worked up, extended, validated and published 

 

2.6 Compendium 

A survey of the computed methods for one-way and two-way slab system structures 

was presented from the obtainable literature. Examples of finite element methods, 

equivalent frame and elastic plate theory were discussed. Other factors affecting 

deflections, such as cracks, shrinkages and construction loads, were reviewed. 

Additional authenticated studies and reports on deflections of concrete slabs were 

surveyed and a summary of the demands in the controlling deflection codes was 

presented. 
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Serviceability and strength are the two main objects to consider in designing concrete 

structures to be sufficiently ductile and strong enough to stand strain, resist collapse 

due to overloading, excessive forces and various environmental conditions that may 

be imposed, while also providing satisfactory performance without cracking, extreme 

vibration or deflection. 

2.7 Shortening of Columns 

Shortening of concrete columns and walls occurs due to shrinkage, creep and elastic 

compression, although the influence of this is not significant for structures less than 

about 10–15 storeys, as indicated in Concrete Society Technical Report no. 67 (2008), 

concrete buildings, walls and columns shorten by various amounts and at various 

times.  

Examination of vertical shortening has to consider the following: 

 Axial force. Any increment of action develops primary elastic strain which 

increases over time due to creep.  

 Shrinkage. Shrinkage develops immediately the early thermal contraction cycle 

has occurred, and then continues at a decreasing rate.  

 Construction sequence. Every new level is cast at a floor which overrides all 

the shortening which has happened beneath it.  

 Loading sequence. After a level is established, the remaining action is added 

gradually, normally in the sequence: screed or raised level; partitions and walls; 

furniture and occupants; ceilings with lighting and other services.  

 Time-dependent effects. The overriding dilemma is that shrinkage and creep 

are both very much dependent on the age of the reinforced concrete section, 
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and with every level cast at a various time the ultimate shortening at any one 

time is the aggregate of movements which all began at various times and have 

developed to various phases.  

 Differential shortening. Usually it is differential shortening which is significant, 

especially between reinforced concrete columns, which are usually intensively 

loaded, and core walls, which are generally exceedingly lightly loaded.  

 Shortening in a single floor height is significant for added members that are not 

elastic, such as partitions and cladding.  

Technical Report no.67 (2008) recommends the shortening of a panel of columns 

(various concrete strengths and restraint percentages) and concludes that an ultimate 

shortening of 1.4 mm/m is possible, i.e. 4–5 mm in a typical structure height. The 

Report indicates that it is hard to reduce is considerably. A better technique is to limit 

the differential shortening by calculating all reinforced concrete columns to the same 

standard, and by conserving long obvious spans between various structural shapes, 

for instance, between interior reinforced concrete columns and shear walls and cores 

on the one side and perimeter concrete columns on the other.  

Standard design code rules concentrate on structure to withstand externally applied 

actions, deriving the restraint needed to withstand axial actions, shear stresses and 

bending moments. Many reinforced concrete sections are lightly loaded, however, or 

are influenced especially by other loads, such as early-age shrinkages, creep, 

temperature and humidity effects, as well as long-term drying shrinkage. These all 

produce movements, and although they hardly define the total capacity, they 

significantly affect serviceability, especially through cracking. The Technical Report 

no.67 takes into account the different forms of movement and their constriction time. 
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Any deflection or cracking is generally the outcome of, at least, temperature and 

shrinkage added to early-age effects, albeit with significant contributions from other 

sources. The significance of movement is very dependent on whether the concrete is 

reinforced or not; although all reinforcement is partial since reinforcements will 

normally apply under the significant stresses that may be produced. In addition, creep 

is useful in decreasing the stresses generated by reinforcement, particularly at early 

ages. The probability of cracking occurring is very hard to estimate, and the technique 

suggested by the Report is to predict that cracks will develop and to apply adequate 

restraint to control them. 

2.8 Precamber 

Reducing the effect of deflection below the horizontal can be achieved when the slab 

is precambered, in practice, however, excess precamber causes the slab to remain 

constantly cambered due to the difficulty of adequately computing the deflection. The 

Concrete Society (2005) indicates the use of a precamber of up to half the quasi-

permanent calculation deflection, however, a lower value is recommended. In 

conclusion, deflections affecting cladding or partitions cannot be deducted using 

precambering. 

 

Figure 2.1 Slab Precambering 
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2.9 Accuracy of Eurocode 2  

Eurocode 2 presents the rigorous method as the most accurate method for calculating 

deflection and is more advanced than BS 8110 (1997). The reliability of the rigorous 

method considers the early stage construction loading by accounting for the reduced 

early tensile strength of concrete. In spite of Eurocode 2’s recommendation to use the 

rigorous method, the impact of the factors listed below cannot be estimated accurately: 

 elastic modulus 

 construction loading 

 tensile strength (defines the cracking moment) 

The calculated values of deflection are assumed values only. Thus, the most 

advanced analysis methods still result in a +15% to -30% possibility of error. An 

appropriate caveat should therefore be recommended with any assessment of 

deflection calculations for use during the construction process (Eurocode 2 2008). 

2.10 Flat Slabs 

Flat slabs are the most efficient and popular method for constructing floor system 

structures, due to their bi-directional behaviour, however, calculating their deflection is 

not an easy process. The Concrete Society (2005) in technical report no.58 presented 

a number of methods for estimating flat slab deflection. The most suitable and popular 

method is to calculate the average deflection for two parallel column strips, adding the 

deflection of the middle strip orthogonally to obtain the maximum deflection of the slab 

in the central region. Simulated flat slab satisfied criteria are detailed in (Figure 2.2) 

(The Concrete Society 2005). 
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When maximum allowance 𝛿 =
𝐿

𝑛
 and X is the position of maximum 𝛿, where 

L = Span, n = Limiting span-to-depth ration, e.g. 250 

Hence, the deflection at 𝑋 <
2𝑎

𝑛
, (the deflection could be more critical on the gridline) 

 

Figure 2.2 Simulated Flat Slab Satisfied Criteria 

 

2.11 Cladding Allowances 

Cladding or glazing occurs due to deflection as detailed below: deflection results in 

reduced loads on central fixing parts of the slab with a shift to the external fixings 

 A deflection of 5 mm may be accommodated by a glazing system, as 

industrialists  may claim 

 The load will be alleviated on the central fixings due to slab deflection, and the 

load will shift to external fixings 

Structural engineers are recommended to investigate a variety options to define a 

suitable and cost-effective technique to approach the deflection and its effectiveness 

on slab structures and cladding. 
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2.12 Combined Reaction 

Reinforced concrete structures are durable strong structures, with the ability to be 

formed into various shapes and sizes, from simple shapes like rectangular columns, 

to more complicated shapes like shells and curved domes. Combining the features of 

steel and concrete results in the versatility and utility of reinforced concrete. A 

comparison Table 2.2 between concrete and steel reveals their vastly different 

properties as shown below: 

Table 2.2 Material property comparison between steel and concrete 

Properties Steel Concrete 

Compression Good (slender bars may 
buckle) 

Very Good 

Tension Good Poor 

Fire resistance Poor (at high temperature 
cursory loss of strength)  

Good 

Shear forces Good Reasonable 

Durability Oxidation and corrosion if 
unprotected  

Good 

 

It is clear from the comparison table that both materials are complementary so that, 

when combined, concrete obtains the tensile and shear strength of steel, while the 

steel obtains the fire resistance and durability of concrete. 

Concrete shrinks and dries, resulting in the appearance of fine cracks, which may 

develop into larger cracks when subjected to tensile stress. If the cracks remain 

uncontrolled, this will eventually cause concrete to lose its durability and fire 

resistance, and will leave the structure with an unattractive appearance. Normally, 

cracks of 0.3 mm width are considered to be acceptable as Eurocode 2 (2008) 

indicates, however, reinforcement is demanded to control these fine cracks and 
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prevent larger cracks. It is important to understand that the reinforcement functions to 

prevent the cracking from increasing rather than to prevent the cracking from taking 

place, hence numbers of micro cracks are more acceptable than a single wide-open 

crack. Crack widths may be controlled by following the demanded minimum magnitude 

of the reinforcement; more details on which can be obtained from (Eurocode 2 2008). 

The majority of reinforced concrete constructions are constructed on the assumption 

of non-resistance to tensile strength due to their poor tensile strength compared to 

their compressive strength. Hence, reinforced structures needed to transfer such 

tensile strength by bonds through the interface of concrete and steel. In order to obtain 

maximum composite action between these two materials, the bond should be 

designed accurately to avoid any slips of reinforcing bars within the concrete section. 

Concrete sections should therefore be well detailed and designed so as to obtain a 

well-compacted concrete section, considering compact reinforcement through the 

construction period. Additionally, the composite structures normally obtain extra self-

load grip due to ribbed bars. 

The need for a perfect bond is normally assumed in the design and analysis of 

composite steel-concrete reinforced sections, so as to achieve an identical strain in 

the adjacent concrete as in the reinforcement section, thus ensuring the compatibility 

of strains along the cross-section of the structure. The coefficient of thermal expansion 

of concrete is 10×10−6 per ℃ while that of steel is 7 − 12×10−6 per ℃; these are 

sufficiently close to mean that questions of bonding seldom emerge from the distinct 

expansion between concrete and steel over an average temperature range.  

A simply supported reinforced beam subjected to a vertical load illustrates the reaction 

and deformation of reinforced concrete beams resisting tensile forces, and describes 
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how the compression loads are carried by the concrete beam at the top, as illustrated 

in (Figure 2.3). 

 

Figure 2.3 Concrete and Steel in Composite Action 

 

Cracking will take place wherever tension occurs; but this cracking does not reduce 

the safety of the structure due to the presence of reinforcement which serves to 

restrain the cracks and to ensure that the crack is stopped from opening further, thus 

to keeping the embedded steel well protected and covered from corrosion. 

If the shear and/or compressive forces are greater than the strength of the concrete, 

then steel reinforcement is needed to allow the concrete to carry extra pressure or 

additional loads. Reinforcement is only required for the load carrying capacity of the 

constructed concrete, however; usually columns demand compression reinforcement 

whenever used as a vertical bar close to the perimeter. Steel binders are required to 

assist and support the restraint reinforcement for concrete so buckling problems do 

not occur in the bars. 



75 
 

2.13 Strain and Stress Relationships 

Deformation of structures occurs due to the load applied on them, which leads to strain 

and stress in the reinforced steel and concrete. It is necessary to comprehend the 

strain - stress relationship to implement the design and structural analysis, especially 

when constructing a structure from a composite material such as reinforced concrete. 

In these circumstances, therefore, analysis of the stresses on a cross section of the 

member should take into account the equilibrium of the forces in the reinforced section, 

and also the compatibility of the strains across the reinforced section. 

2.14 Concrete  

Variability is a characteristic of concrete, which possesses a range of strengths and 

strain and stress curves. Figure 2.4 shows the short term loading of the curvature of 

reinforced concrete under compression. The reinforced concrete section subjected to 

load exhibits a linear stress and strain ratio relationship at the beginning, and then 

shows an elastic reaction. In practice, the reinforced concrete displacement fully 

recovers if the load is removed, but when loading continues, the reinforced concrete 

reacts as a plastic material exhibiting a non-linear relationship. 

 

Figure 2.4 Stress and Strain Curve for Concrete in Compression 
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Permanent damage caused by deformation will occur, however, if the load were 

removed during the plastic period, and then recovery would not be an option. The 

constant value of 0.0035 is the maximum value for construction concrete, however, in 

the case of concrete with a strength above 60 𝑁/𝑚𝑚2, there is a possibility for this 

constant value to be reduced. In such cases, the recommended values are as 

proposed by BS EN1992 Eurocode 2 (Design of Concrete Structures) (EC2). 

The curvature of the strain and stress relationship is very dependent on the loading 

period; known as creep. 

The strength of concrete increases over time, in addition, the property and type of 

cement plays a significant part in this relationship. Some standard design codes permit 

the strength of concrete to be varied depending on the age of the concrete to support 

the construction load. The Eurocodes, however, do not allow the strength used in 

design to be greater than the twenty eight days value, although the elasticity modulus 

can be modified according to the age. The compressive stress in the UK has 

traditionally been calculated in terms of a 150 mm cube strength test at 28 days old. 

While other countries take 150 mm as a diameter cylinder text on concrete, which is 

300 mm longer than the cube test used in the UK. In terms of the ordinary strength of 

concrete, on average, the cylinder strength is 0.8 times the cube strength. Hence, 

designing to Eurocode 2 for all calculations based on the distinctive strength of 

cylinder𝑓𝑐𝑘, the cube strength, meanwhile, can be considered for the purposes of 

compliance, in addition to the distinctive strength known as 𝑓𝑐𝑘,𝑐𝑢𝑏𝑒. Usually 28 days is 

the concrete specification distinctive strength; for instance, the distinctive cylinder 

strength for concrete class C35/45 is 35 𝑁/𝑚𝑚2, while the distinctive cube strength is 

45 𝑁/𝑚𝑚2 for the same concrete class C35/45. Usually there is some rounding off to 

these values, normally, for cube strengths extracted in multiples of 5 𝑁/𝑚𝑚2. 
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2.15 Steel 

Mild steel reacts elastically in response to loads. Figure 2.5 illustrates a typical strain 

and stress relationship, part (a) is for high yield steel, hot rolled, and part (b) is for high 

yield steel, cold worked. It is clear that up to the yield stage, the stress and strain 

relationship is proportional, until the yield point is reached, when the strain increases 

without any change in stress. The relationship then becomes plastic, resulting in the 

strain increasing momentarily until reaches its maximum value. 

 

Figure 2.5 Stress and Strain (High Yield Steel) 

 

(Figure 2.5) The most common type of steel used for reinforcement is high yield steel, 

and while this may react in a similar way, it may, on the other hand, not have such a 

specific yield point but may present a further gradual change from elastic to elastic 

behaviour, and reduced ductility, depending on the manufacturing process. Materials 

with a similar elastic modulus 𝐸𝑠 = 200 𝑘𝑁/𝑚𝑚2 superficially have a similarity in their 

slope in the region of elasticity, while within the range of plasticity, removing the load 

causes the relationship of the strain and stress curvature to follow a line superficially 

resulting in a parallel shape to the load, as shown in Figure 2.6.  
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Figure 3.5 illustrates the line ZY. The permanent strain XZ occurs when steel is 

subjected to loading again, known as (slip), resulting in the relationship between stress 

and strain to follow the unloaded curve up to the original stress at Y, then it takes a 

curve shape toward the first load, hence, for the second load, the proportional limit will 

be higher than the initial load. This is called work hardening or strain hardening. In 

addition, the steel loading deformation depends on the duration for which the load is 

applied. The strain increases gradually under a constant stress (creep). The degree 

of creep depends on the class of steel and the amount of stress. Usually in reinforced 

concrete structures creep is of little importance; however, creep is a significant factor 

in concrete when steel is subjected to high stress actions.  

 

Figure 2.6 Strain Hardening 

2.16 Shrinkage of Concrete and Hydration 

A reduction in concrete volume occurs due to hardening and, as a result, shrinkage 

causes concrete to crack. This also has an advantageous effect of reinforcing the 

relationship between the steel and concrete, however. It is known that shrinkage 
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occurs as soon as concrete begins to mix, the initial cause of shrinkage is water 

absorption due to the aggregate and concrete mixture; in addition, more shrinkage 

occurs due to evaporation and loss of humidity in the water through the surface of the 

concrete section. 

The hydration of cement during the setting operation generates a major heat 

redistribution, and when the temperature of concrete reduces, more shrinkage occurs 

due to thermal contraction. Shrinkage continues, even after concrete hardens, as the 

concrete gets dryer over a period of time. To control the thermal shrinkage, the 

temperature needs to be restricted by following the steps below: 

 Cool water needs to be used with cool and steel shuttering 

 To cool down the heat of hydration, the shutter should strike early 

 The water and aggregate mixture should be kept cool 

 Use finely ground cement and avoid any sudden hardening 

 Use of a suitable cement replacement or a mix with a low cement content 

To help reduce the dry shrinkage to a minimum and to avoid losing moisture, a low 

ratio of water to cement is required. No changes in stress will occur within the concrete, 

however, if the change in concrete volume is permitted to occur freely without any 

restriction. Restraining the shrinkage results in more stress and tensile strains; in 

addition, the restrain may occur externally by fixity with and bonding members or 

contact against the surface of the earth, and internally, due to the impact of the 

reinforcement of the steel. In the case of reinforced concrete floor slabs or longer shear 

walls, the restrain could be reduced by building sequential bays rather than alternate 

bays. This may allow the free end of each bay to tighten before the next bay is poured. 
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The thermal dilating of concrete structures could be larger than the actual movement 

due to shrinkage through a period of time; however, it can be controlled by correct 

positioning of dilating joints or movement in the concrete section. In theory, the joint 

should pass through the constructed structures completely in one plane and in cross 

section as it should be positioned at a sudden change. Cracking occurs due to a lack 

of tensile strength as a result of thermal movement exceeding the strength or 

shrinkage. Hence, steel reinforcement is required to be positioned close to the 

concrete surface in order to control the width of any cracks. Hence, Eurocode 2 comes 

to play a significant role in design by providing the right quantities of steel 

reinforcement in the concrete section to control the width of cracks. 

2.16.1 Restrain Shrinkage and Stress Calculation  

Reinforcing concrete leads to shrinkage but the unrestrained concrete sections can be 

easily calculated. Figure 2.7 illustrates a concrete section with shrinkage, strain free 

of 𝜀𝑐𝑠 when the section is a plain concrete section. On the other hand, while the 

shrinkage decreased overall when the concrete was reinforced, this results in the steel 

experiencing compressive strain 𝜀𝑠𝑐 giving the concrete an effective tensile strain 𝜀𝑐𝑡 

(Figure 2.7) (Mosley et al. 2007). 
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Figure 2.7 Shrinkage Strain 

Therefore 

              𝜀𝑐𝑠 = 𝜀𝑐𝑡 + 𝜀𝑠𝑐 =  
𝑓𝑐𝑡

𝐸𝑐𝑚
+

𝑓𝑠𝑐

𝐸𝑠
                                   (Eq. 2.4) 

Where 

𝑓𝑐𝑡 is the tensile stress of area 𝐴𝑐 in the concrete section and 𝑓𝑠𝑐 is the steel 

compressive stress  for 𝐴𝑠 in a concrete section 

The steel and the concrete equilibrium equating forces give the relation below: 

    𝐴𝑐𝑓𝑐𝑡 = 𝐴𝑠𝑓𝑠𝑐                                           (Eq. 2.5) 

 Thus 

𝑓𝑐𝑡 =
𝐴𝑠

𝐴𝑐
𝑓𝑠𝑐 

When  𝑓𝑐𝑡 substituted in equation (3.4) 
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𝜀𝑐𝑠 = 𝑓𝑠𝑐 (
𝐴𝑠

𝐴𝑐𝐸𝑐𝑚
+

1

𝐸𝑠
) 

Therefore if 𝛼𝑒 =
𝐸𝑠

𝐸𝑐𝑚
  

𝜀𝑐𝑠 = 𝑓𝑠𝑐 (
𝛼𝑒𝐴𝑠

𝐴𝑐𝐸𝑐𝑚
+

1

𝐸𝑠
) 

       =
𝑓𝑠𝑐

𝐸𝑠
(

𝛼𝑒𝐴𝑠

𝐴𝑐
+ 1) 

Hence steel stress relationship as: 

           𝑓𝑠𝑐 = (
𝐸𝑐𝑠𝐸𝑠

𝛼𝑒𝐴𝑠
𝐴𝑐

+1
)                                             (Eq. 2.6) 

2.16.2 Fully Restrained Shrinkage and Stress Calculation  

In this case when the concrete section is fully restrained, it results in uncompressed 

steel due to 𝜀𝑠𝑐 = 0, hence, 𝑓𝑠𝑐 = 0, therefore the induced tensile strain in concrete 𝜀𝑐𝑡 

should be equal to 𝜀𝑐𝑠 the free shrinkage strain. In addition, the corresponding stress 

will cause more cracking in fresh concrete, if it is high enough. Figure 2.8 illustrates 

the details of the process, due to cracking members of a concrete section; the 

uncracked members of the concrete will contract to let the steel embedded in the 

cracked region to be in compression, meanwhile, the embedded steel across the 

cracking region is in tension. This characteristic is joined by domesticated bond 

breakdown, implying that cracks are imminent. The illustration is presented in Figure 

2.8 (Mosley et al. 2007). 
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Figure 2.8 Cracking and Shrinkage Forces 

2.16.3 Elastic Modulus of Concrete 

The elastic modulus magnitude is required to investigate the cracking and deflection 

of concrete structures. The stiffness of a member depends on the static modulus 𝐸𝑐𝑚 

if the short duration effects are considered, while if long term effects are under 

consideration, the creep effect may alter the 𝐸𝑐𝑚 value to the efficient value 𝐸𝑐,   𝑒𝑓𝑓. 

The table below Table 2.3 shows the values of 𝐸𝑐𝑚 for different types of concrete in 

which gravel aggregates have been used as a suitable material to use for design. At 

an age other than twenty eight days, the elastic modulus can be predicted at that age 

by using the estimated strength value from the table below. When a Poisson’s ratio is 

needed, however, it may be taken as 0.2 for the areas which are not under any 

cracking tension (Eurocode 2 2008). 
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Table 2.3 Elastic modulus of usual weight gravel concrete (short duration, 28 

days)  

Distinctive Strength (𝑁/𝑚𝑚2) at 28 days Secant (Static) Modulus 

(𝐸𝑐𝑚) (𝑘𝑁/𝑚𝑚2) 

Mean 

Cube (𝑓𝑐𝑘) Cylinder (𝑓𝑐𝑘) 

25 20 30 

30 25 31 

37 30 33 

45 35 34 

50 40 35 

55 45 36 

60 50 37 

75 60 39 

85 70 41 

95 80 42 

105 90 44 

 

The strain and stress curvature relationship for concrete, as described earlier, 

illustrated that in spite of the assumption of elastic behaviour for stresses under 1/3 of 

the maximum compressive strength, realistically, the stress and strain relationship is 

not always linear. Thus, determining the precise value of the elastic modulus is a 

crucial consideration for any design. 

    𝐸
𝑠𝑡𝑟𝑒𝑠𝑠

𝑠𝑡𝑟𝑎𝑖𝑛
                                                    (Eq. 2.7) 

Various definitions are available, however, the common definition is: 

  𝐸 = 𝐸𝑐𝑚                                                    (Eq. 2.8) 

Where 
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𝐸𝑐𝑚 is the static or secant modulus 

The calculation is carried out for the specific concrete through a static test in which the 

cylinder is subjected to a load of over 1/3 of the corresponding mean control cube 

stress 𝑓𝑐𝑚,   𝑐𝑢𝑏𝑒, or 4/10 of the mean cylinder strength, then turned back to zero stress. 

This highlights the influence of bedding in and secondary stress redistributions in the 

sample of concrete subjected to the load. The reapplied loading process eventually 

results in linear behaviour, the average slope is taken up to the particular stress, as 

the 𝐸𝑐𝑚 value. This test is known as the secant modulus of elastic, and is described in 

detail by BS 1881. 

It is easier to calculate the dynamic modulus of elastic (𝐸𝑑), in the laboratory, and the 

𝐸𝑑 and 𝐸𝑐𝑚 relationship is well determined. The basis of the test is defining the 

resonant frequency for a prism specimen; the test is documented in detail by BS 1881. 

It is possible to use ultrasonic measuring techniques to achieve a fair estimate of 𝐸𝑑, 

and this can be used in structures on site to assess the concrete. Figure 2.9 illustrates 

the criterion test on an unstressed sample to obtain the 𝐸𝑑 value. It is clear that the 

obtained value indicates the slope of the tangent at nil stress (zero stress); as a result, 

the 𝐸𝑑 value is higher than the 𝐸𝑐𝑚 value. 
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Figure 2.9 Concrete Moduli of Elasticity 

The equation below is fairly accurate for the purposes of normal design as Eurocode 

2 (2008) indicates, and the two moduli 𝐸𝑐𝑚 and 𝐸𝑑 relationship, can be described as: 

Secant modulus        𝐸𝑐𝑚 = (1.25𝐸𝑑 − 19) kN/ 𝑚𝑚2                        (Eq. 2.9) 

The E value of concrete depends on factors related to the concrete mix; however, an 

ordinary relationship between the compressive strength and the elastic modulus does 

exist.  

2.17 Thermal Behaviour of Concrete and Steel 

The similarity between the thermal expansion coefficients of concrete and steel 

(𝛼𝑇,𝑐 and 𝛼𝑇,𝑠) are much greater than the differential thermal movement between 

concrete and steel, which means cracks are unlikely to occur. 

If necessary, the shrinkage strain 𝜀𝑐𝑠 should be added to differential thermal strain, 

and can be calculated due to temperature change as below: 

        𝑇(𝛼𝑇,𝑐 − 𝛼𝑇,𝑠)                                               (Eq. 2.10) 
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Generally, thermal contraction is very likely to be the cause of the initial crack in the 

restrained part of the concrete, and temperature changes over the night time will cause 

cracking in freshly casted concrete, despite controlling the temperature produced by 

hydration processes and generated heat (Mosley et al. 2007). 

2.18 Creep 

In concrete sections under sustained loads for long durations deformation is known as 

creep. Various types of materials exhibit this phenomenon, but concrete is the most 

well-known for creep behaviour. Creep is associated with the mix of the constructed 

member and the type of aggregates used in the construction process, as well as the 

humidity of the construction site, the loading time and the cross section of the member. 

The typical creep pattern is shown in Figure 2.10, when a concrete section is subjected 

to an axial compression. 

 

Figure 2.10 Typical Concrete Deformation by Time 
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The typical creep curvature illustrates that creep characteristics are: 

 The load is redistributed between any steel present and the concrete 

 The immediate elastic deformation may recover when the load is removed, but 

this is not the case with plastic deformation, which will remain permanently 

deformed 

 The concrete strength inverse and the loading intensity are approximately 

proportional to the deformation 

 The definitive deformation of the concrete section may be 3 – 4 times the short 

time elastic deformation 

The change in the compressive strain that is transferred to the steel in the concrete 

causes the load redistribution; hence, the steel is taking a greater proportion of the 

load due to increasing compressive stresses. The impact of creep is especially 

significant in beams, where crack opening, none aligned equipment and damaged 

finishes occur due to increasing deflection. Stress redistribution between the steel and 

the concrete occurs initially in the uncracked compressive region, although, in addition, 

in some cases, there is a smaller impact in terms of tension reinforcement rather than 

decreasing shrinkage stresses. The reinforced provision is in the compressive region 

of the flexural section of the reinforced concrete, serving powerfully to restrain the 

deflection occurring as a result of creep (Mosley et al. 2007). 

2.19 Concrete Specification  

The specification of what concrete to choose in the construction process is most often 

governed by the strength required, which depends on the size and form of the structure 

and the load intensity. In multi-storey structures, for the lower columns, a higher 
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concrete strength is needed rather than having columns with larger diameters, which 

would result in a loss of space in floors. The strength of concrete can be measured 

using either the cylinder test or the cube test to measure the crushing strength of a 

sample of concrete. The procedure set out in the codes for both tests requires them 

to be carried out after 28 days. The concrete is identified by its class for a given 

strength; for instance, the concrete class 25/30 gives the strength 𝑓𝑐𝑘 of 30 𝑁/𝑚𝑚2 for 

cube test and strength 𝑓𝑐𝑘 of 25 𝑁/𝑚𝑚2 for cylinder test. Lists of concrete 

characteristic classes widely used are shown in Table 2.3. In addition, the lowest usual 

concrete classes used for different kinds of structural design, are also presented in 

Table 2.4 as below. 

Table 2.4 Concrete Strength Classes (Eurocode 2 2008) 

Class 𝒇𝒄𝒌(𝑵/𝒎𝒎𝟐 Specified usual lowest 
class 

C16/20 16 Plain concrete 

C20/25 

C25/30 

20 

25 

Reinforced concrete 

 

C28/35 28 Prestressed 
concrete/Reinforced 
concrete subjected to 
chlorides  

C30/37 

C32/40 

C35/45 

C40/50 

C45/55 

C50/60 

C55/67 

C60/75 

30 

32 

35 

40 

45 

50 

55 

60 

Reinforced concrete in 
foundations  
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The durability and the exposure conditions may affect the selection of the mix and the 

concrete class. For instance, concrete blocks subjected to harsh conditions located in 

a chemical plant, would require a higher concrete class than concrete used in the inner 

construction members of office structures or schools. In spite of the fact that the 

Portland cement class 42.5 may be used in various structures, while other cement 

classes may also have advantages, in cases where chemical resistance is required, 

sulphate resisting cement or a blast furnace may be used, and to reduce the high 

temperature generated from hydration process, low heat cement may be used in 

massive concrete blocks, or where high early strength is demanded, a rapid hardening 

type of cement can be used. In addition, replacing types of materials like Ground 

Granulated Blast Furnace Slag or Pulverised Fuel Ash that are known for their slow 

evolution of cementation. Such materials will control the heat generated from the 

hydration process and will give the best construction performance in terms of structural 

durability. Usually, local aggregates are most popular for use on construction sites, but 

the lightweight manufactured aggregates may be required when weight is an issue 

and/or there is a need to consider the specific density of the aggregate, such as if 

radiation shielding is the intended purpose (Mosley et al. 2007). 

There are two main types of concrete mix, known as Designated and Designed. 

Designed concrete is where the type of cement, the class of strength and limits to 

composition, including the content of the cement and the water/cement ratio, are 

specified at the design stage for a particular purpose. With designated concrete, 

meanwhile, the material is provided by the producer to satisfy the strength class of the 

designated concrete and workability from the use of specific size of aggregates. RC30 

is the identification of designated concretes, with a cube test up to RC50 according to 

the applications required. Designed concrete is needed in circumstances where 
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designated concrete cannot be used on account of durability demands; for instance in 

chloride induced corrosive environments. Descriptions and more information and 

requirements can be found in BS8500 and BS EN206. 

2.20 Steel Specification 

The most commonly used types of steel in the UK are listed in Table 2.5 along with 

their distinctive design strength. For instance, steel grade 500 (500𝑁/𝑚𝑚2 distinctive 

strength) has been replaced with steel grade 240 and steel grade 250 reinforcement 

steel all over Europe, considering the usual bar size is the diameter of the steel of an 

equivalent circular area, and grade 250 steel bar is mild steel, hot rolled, and normally 

coming with a smooth surface which will make the adhesion process to be the only 

bond between the steel bar and the concrete due to its smooth surface which is very 

easy to bend. For this reason it has been used in the past where there is a requirement 

for a smaller radius bend; for instance, links in narrow column beams. Currently, in 

Europe, however, plain bars of steel are not considered and are also not available any 

more in the UK for normal use. 

Table 2.5 Steel Reinforcement Strength 

Designation Standard Size (𝒎𝒎) Particular 
Characteristic 

Strength 𝒇𝒚𝒌  (
𝑵

𝒎𝒎𝟐) 

High yield cold worked 

(BS  4449) 

Up to and including 12 500 

High yield hot rolled 

(BS 4449) 

All sizes 500 

 

High yield reinforced steel bars are constructed with a ribbed surface or are 

manufactured in the shape of a twisted square. Square twisted reinforced steel bars 
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have inferior connection specifications and although these have been used in the past 

they are currently disregarded. The relationship between steel and concrete is 

described as a mechanical bond, the high yield bars bending through quite small 

radius often results in the steel being subjected to a tension crack, so to prevent such 

cracking taking place, the bend radius should be equal or higher than twice the usual 

size of the bar, if the bars are small in size ≤ 16𝑚𝑚, and/or 3
1

2
 times in the case of 

larger sized bars. The ductility requirements of reinforced steel bars for construction 

are also classified, and the high yield ribbed bars classification may be described as: 

 Class A, usually links with cold worked bars with a diameter of ≤ 12 𝑚𝑚, found 

in fabric and mesh. This is the class with the lowest ductility grade and limits on 

redistribution moment are included which may subjected, in addition, for fire 

resistance, the quantities is higher. 

 Class B, recommended for reinforcing bars  

 Class C, high ductility, considered for seismic design such as in earthquake 

zones 

Flat slab floors, shells, roads and walls can be reinforced by using a welded fabric, 

provided in rolls with rectangular or square mesh to obtain greater economies in 

design detailing when reinforcement takes place, as well as in the labour costs of fixing 

and handling on construction sites. In addition, for very similar reasons, the 

prefabricated reinforcement bars have become very popular, and also welded fabric 

mesh manufactured of ribbed wire with a diameter bigger than 6 mm can be included 

in any of above ductility classes. 
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The process of bar reinforcement in the member can be straight or bent to a standard 

shape. These shapes should be completely measured and listed in a detail of the 

reinforcement which is used on construction site for the fixing and bending of the 

reinforced steel bars. The standard shapes and techniques are described in detail in 

BS8666, and the types of bars mentioned above are commonly known by the following 

codes: H, which stands for high yield steel, HA, HB, HC or ductility irrespective class; 

where an appropriate ductility class is demanded (Mosley et al. 2007). 

2.21 Structural Analysis at the Limit State 

The combination of slabs, beams, walls and columns is known as reinforced concrete 

structures, which are rigidly bonded together to shape a monolithic frame, hence all 

members should individually have the capability to resist the action of the loads upon 

them, in which the determination of these action loads is a substantial factor in the 

process of structural design. 

Rigid reinforced concrete structures are far more complicated to analyse completely; 

however, simplified adequate precision calculation may be an option if the behaviour 

of the structures and the basic action load principles of the structures are determined 

and analysed adequately. The analysis of the structures should start with the 

evaluation of the action forces carried by the frame structure, considering its own 

weight. A number of action forces are variable in position and magnitude; in addition, 

all probable critical arrangements of action forces need to be taken into account. 

Primarily, the frame structure is rationalised into simplified shapes that symbolise the 

action forces carrying the load of the structure. The action loads in each individual 

member may be defined by using one of the techniques below: 

 Computer analysis 
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 Manual calculation 

 Applying shear coefficients and moment 

The use of tabulated coefficients are only appropriate for use with basic framed 

structures, such as continuous beams of equal span carrying uniform action forces. 

The manual calculation method, meanwhile, is suitable for a wide range of structures. 

This method could be tedious for more complicated or large structures, however. While 

the computer method may be invaluable in structural analysis, even in the case of 

small structures, and in some cases it could be crucial for these calculations. On the 

other hand, the magnitude of output from the computer method may be overwhelming 

in some cases and the results are readily translated when they presented 

diagrammatically.  

It is known that the design of reinforced concrete structures basically depends on the 

ultimate limit state (ULS), and the structural analysis is generally carried out for 

loadings corresponding to the ultimate limit state. Pre-stressed concrete members, 

however, are usually designed for serviceability limit state (SLS) loadings. 

The loads (actions) on buildings are classified into two types: permanent (dead) loads 

(actions), and variable (live or imposed) loads (actions). The former are those types of 

load which are usually constant during the structure’s life. While the latter are transient 

and not constant in magnitude, for instance the actions due to human occupants or 

wind. References and testaments for the actions on structures are given in the 

Eurocode standards, some of which are EN 1991-1-7 Accidental loads due to 

explosions and impact, EN 1991-1-4 Wind loads, EN 1991-1-3 Snow actions, EN 

1991-1-2 Traffic actions on bridges, and EN 1991-1-1 General loads. 
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2.21.1 Permanent loads 

Permanent loads comprise all types of architectural elements, such as ceilings, 

partitions and exterior cladding, static machinery and other architectural equipment. 

Permanent equipment are also usually considered as part of the permanent loads. 

When the size of the structural section, and the specifications of the architectural 

demands and permanent equipment have been established, the dead (permanent) 

loads can be determined accurately. Before doing this, though, initial design 

calculations are usually needed to assess the sizes and weight of the elements of the 

concrete structure. 

In most reinforced concrete structures, a standard value for the weight of the concrete 

itself is 25 kN per cubic metre, although a higher density needs to be used for bigger 

reinforced concrete structures or dense concrete, as Mosley et al. (2007) indicated. 

Considering a concrete structure, the weight of constant (permanent) partitions needs 

to be calculated from the architect’s designs, and a minimum partition acting 

equivalent to 1.0 kN per square metre and more often classified as a inconstant 

(variable) loads. This is only appropriate for light-weight partitions, however. 

Permanent loads are usually determined slightly conservatively; so that the section 

will not need redrawing and redesigning due to small variations in its dimensions. 

Bearing in mind that this needs to be done with care,  however, the permanent load 

can, realistically, often be reduced in some parts of the concrete structure, as Figure 

2.11 illustrates in the case of the loading and deflection of a three-span beam. 

i) Maximum sagging moment at A & C 

ii) Deflection form 

 



96 
 

 

Figure 2.11 Three Span Beam 

2.21.2 Variable Loads 

It is quite complicated to calculate these loads. In the majority of cases, it is only 

possible to apply conservative estimates to these types of load, according to standard 

design codes or historical experience. For instance, these loads on structures could 

be the weight of residents, furniture, or machinery, wind pressure, snow load, retained 

water or earth, and any other loads occurred due to thermal expansion or shrinkage 

of the concrete. 

It is unlikely that a large structure would be carrying its full live load simultaneously on 

all floors. Therefore, Eurocode 1 EN 1991-1-1 Actions on Structures (2002) clause 

6.2.2 (2) allows a reduction in the total live floor load when the column, foundations or 

walls are designed, for a structure more than two storeys high. In the same Eurocode 

1, clause 6.3.1.2 (10) states that the live load can be reduced when drawing a beam 

span which is load-bearing over a bigger floor region. 
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Although wind action is a live load, it is catalogued independently when its partial 

safety factor determined, and when the joining actions on the building are being taken 

into account. 

2.22 Summary 

By considering immediate and long-term deflections separately, it is possible to design 

structures so as to accommodate the deflection of structural members without causing 

damage to partitions or finishes. 

Many techniques and methods of deflection calculation have been reviewed and 

studied in this chapter, and the effect of cracking on reinforced concrete flat slabs have 

been examined and reviewed closely. Site investigation measurements to determine 

and control deflection on flat slabs have also been reviewed and examined. Finally, 

various design code limitations have been covered and evaluated in respect of 

deflection control and the limitation of deflection. 

The deflection of a section or building may not be such that it adversely affects its 

appearance or adequate performance. Appropriate limiting values of deformation 

considering the type and shape of the structure, of the finishes, partitions and fixings, 

and also the purpose of the structure may be determined. 

The appearance and usual utility of the building may be adversely affected when the 

computed sag of a beam, slab or cantilever subjected to quasi-permanent actions 

exceeds span/250. The sag is estimated close to the supports. Precamber could be 

considered to compensate for some or all of the deformation, but any upward 

deformation incorporated in the formwork could not usually exceed span/250. 

Deformations that may damage adjacent parts of the building should be limited. For 

the deformation after construction, span/500 is generally an adequate limit for quasi-
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permanent actions. Other limits could be taken into account, relying on the sensitivity 

of adjacent parts.  

The limit state of deflection could be examined by either: 

 Limiting the span/depth ratio, or 

 Comparing a calculated deflection with a limit value 

The actual deflections may vary from the calculated values, especially if the values of 

the moments used are relative to the calculating moment. The variation may rely on 

the dispersion of the material properties, on the environmental circumstances, on the 

action record, on the reinforcements at the supports and ground situation. 

Eurocode 2 (2008) recommends traditional limiting design values of horizontal 

deformations as a function of high 𝐻 of structure or high 𝐻1 buildings, as presented in 

Table 2.6, concerning: 

 What the traditional L/250 and L/500 deflection limits values are based on? 

 Are these values still adequate for modern structures? 
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Table 2.6 Traditional Limiting Design values of Horizontal Deformations as a 

Function of High 𝑯 of Structure or High 𝑯𝟏 Building  
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CHAPTER THREE: Methodology and Site Investigation 

Traditional reinforced concrete slabs and beams are widely used for the building. The 

use of flat slab structures gives advantages over traditional reinforced concrete 

building in terms of design flexibility, easier formwork and use of space and shorter 

building time. Deflection of the slab plays critical role on design and service life of the 

building components, however there is no recent research to explore actual 

deformation of concrete slab despite various advancements within the design codes 

and construction technology, apart from Vollum. This study provides the methodology 

for monitoring the deformation of a multi-storey building with flat slabs presents and 

discusses the experimental results for the vertical deformation. 

3.1 Introduction  

Site investigation to monitor deflection on the construction site started in early 

September 2015 for a period of six months. The construction site is located in Elephant 

Castle. Site investigation and testing theory through observation and data collection 

was the main deductive approach of this research, entailing a quantitative method to 

calculate and determine the deflection of concrete slabs by using Hydrostatic Cells 

Levelling system (HCL). 

This site investigation has the following characteristics: 

 A six-month timeframe, started on early September 2015 to early February 

2016 

 Specialisation – specialists are part of the team for the input of their specialist 

advice, Gete company (Keller Group plc represented by Keller UK, and is the 

pioneering name in the foundations and ground engineering industry) involved 
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in installing Hydraulic Cell Levelling system (HCL) on the site to observe the 

deflection 

 A core team of 1-3 members, including the researcher and two engineering 

technician from Gete to install the Hydraulic Cell Levelling system (HCL) 

3.2 Various Methods for Measuring Deflection 

Eurocode 2 is considered to be one of the most advanced design codes available. It 

allows deformation to be checked by using calculation, suggesting a method using a 

cracking distribution coefficient gives an adequate prediction. Eurocode 2 also allows 

the use of deemed-to-satisfy span to-effective-depth ratios. These methods are 

compatible and economic for use with mega constructions (Moss and Brooker 2006).  

Numerous optimum or minimum load designed structural components are under 

intense work conditions. More often, the small deflection linear theory is no longer 

applicable. It is very important to apply and understand crack and fracture attitude with 

non-linear analysis (Akbas 2015). 

 Some conditions where direct deflection computation is required, are listed 

below: 

 If an assumption of deflection is needed. 

 If the deflection limits are not adequate for the span/250 for quasi-perpetual 

behaviours, or span/500 for partition members and/or cladding load. 

 Direct examination of deflection proposes an economic solution, when the 

design demands a specific shallow section. 

 To define the impact on deflection of premature striking of formwork or of interim 

load construction periods on the structure. 
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The Concrete Society (2005) indicated in its technical report no. 58 that finite element 

methods are generally considered as the functional methods to obtain actual values 

of deflections. Limiting quasi-permanent, long-term, and deflection to span/250 is 

normal as Beeby (1971) states. However, unless a specific demand is required, and if 

cladding or brittle partitions have been supported, to control the movement deflection 

limit should be reduced to span/500 (Tovi et al 2016). 

The deflection of slab structures subjected to various loads increases as a result of 

shrinkage from losing moisture and creep due to the applied load. In addition, though, 

a magnification of the initial deflection occurs due to time dependent elements of 

shrinkage and creep (Rotimi et al in press). 

Time has a significant impact in terms of changing the rate of deformation in concrete 

structures. It was argued by Heiman and Taylor (1977) that five years is a crucial time 

for the displacement to reach peak value, and although time dependent deflection can 

be computed at any time period, the prevalent procedure for design purposes is to 

assess the ultimate value at five years. 

The deformation of large slabs may cause cracking in finishes and partitions, damaged 

windows and doors, inadmissible flooring slopes and roof ponds. Heiman and Taylor 

(1977) stated that deflection increases due to loading slabs throughout the 

construction period during supporting procedures. Loading normally occurs at early 

stages, resulting in extreme cracking and slabs losing stiffness. 

The best methods for calculating deflection are recommended by The Concrete 

Society (2005) technical report no.58. This is presented under the Rigorous Method. 

a) The Rigorous Method 
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Commonly, ‘The Rigorous Method’ refers to the distribution coefficient method of Exp 

(7.19) in Eurocode 2 (2008). There are more methods that are rigorous, but in light of 

the variability of concrete strengths, loadings over time, etc., their validity is 

questionable. 

b) Simplified Method 

A simplified method is practical for computing deflection by hand calculation, and is 

also useful to estimating and verifying deflection value results from computer programs 

and/or where the program or computer are not available. Essential simplification of 

this method is that the impacts of loading at the early stage are not accounted 

specifically. In fact, when computing the cracking moment, an allowance is produced 

for the impacts.  

The self-weight of required slab concrete cannot be corroborated by itself for very long 

term and should be diverted either entirely or partially to lower levels connected by 

pops, since unhardened slab concrete cannot appropriately develop its stiffness and 

strength until it is hardened completely (Kang et al. 2013). 

During construction, reinforced concrete slabs that have been placed at different times 

develop a gravity load resisting system, where adjacent slabs are connected by props. 

Actions (Loads) applied into the system are self-weights of joined concrete slabs and 

construction live actions. These actions (Loads) are transferred according to the 

proportional stiffness ratio of concrete slabs and applied to each slab as a construction 

action. According to a level construction cycle or the number of propped levels, the 

construction action applied to the reinforced concrete slab is specified through the 

relative stiffness ratio with the age of each reinforced concrete slab (Kang et al. 2013). 
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Experimental work to monitor deflection on construction site by using Hydrostatic Cell 

Levelling system (HCL) was started on early September 2015 for the period of six 

months. The construction site located in Elephant and Castel- London.  

This site investigation has the following characteristics: 

 A six-month timeframe, started on early September 2015 to early February 

2016 

 Specialisation – specialists are part of the team for the input of their specialist 

advice, Getec Company (Keller Group plc represented by Keller UK) involved 

in installing Hydrostatic Levelling Cell system (HCL) on the site to observe the 

deflection. 

 Installation core team of 1-3 members, including the researcher and two 

engineering technician from Gete to install the HCL system. 

Several methods were considered for monitoring the slab deflection, a comparison 

Table 3.1 presents various methods to determine deflection. Hydrostatic Cells 

Levelling and Precise Levelling were selected and used to observe the deflection for 

the period of six months after considering advantages and disadvantages of each 

method. 

Table 3.1 Comparison of Various Methods for Measuring Deflection on Slabs 

Technic Advantage Disadvantage 

Precise  
levelling 

Inexpensive, costing £4000 
(costing £4000 for the 
whole site including 8 
storeys 

Additional operation for site staff 
Not reliable/ imprecise 
Subject to obstruction by false work/formwork, 
following trades, services, ceilings, occupation 

Getec 
Hydrosta
tic 
levelling 

Accurate 
Remote data collection  
Small boxes (say 
100x120x120 on u/s slab) 

Costly, £1950/station i.e. £4000 per bay of 7 x 
12m 
Specialist installation 
PC and internet connection required on site.  
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Tubes for water and signals 
Robustness during construction 
Desirability post construction 

SAA 
(Shape 
Access 
Array) 

Accurate  
Remote data collection 
Non-specialist installation 

Array cast in, (‘Joined sticks’) 
Costly, £450/m i.e. probably approx. £16,000 
for two bays 

Optical 
fibre 

Inexpensive Unproven technology which could be the 
subject of a research itself (computers and 
optical fibre rather than concrete and 
deflection) (Atkins et al. 2016) 

 

Following methods have been identified for monitoring the slab deflection with the 

Getec Hydrostatic and Precise Levelling methods being selected after considering the 

advantages and disadvantages of each. 

3.2.1 Precise Levelling 

Levelling is the expression applied to any technique of measuring directly the 

difference in elevation between points. 

Precise levelling is a predominately accurate technique of differential levelling which 

uses extremely accurate levels and with a further stringent observing execution than 

normal engineering levelling. It aims to obtain high levels of accuracy such as 1 mm 

per 1 km traverse. 

A level surface is a surface which is perpendicular to the direction of the load of gravity. 

For normal levelling method, level surfaces at various elevations can be taken into 

account to be parallel. An arbitrary level surface to which elevations are referred to is 

called level datum. The common surveying datum is mean sea level (MSL). A given 

datum, which is proposed by assuming a benchmark value (e.g. 100.000 m) to which 

all levels in the region will be lowered. 
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A bench mark (BM) is the expression given to a specific, constant accessible spot of 

known height above a datum to which the height of other spots can be referred. It is 

normally a steel pin embedded in an essential concrete block cast into the floor. The 

positions of benchmarks shall be highlighted with BM marker paint and/or posts, and 

recorded on the station. 

A set-up refers the location of a level at the time in which a number of readings are 

made without mooring the device. The first reading is made to the known spot and is 

termed a back sight; the last reading is to the last spot or the next to be defined on the 

run, and all other spots are intermediates. 

A run is the observation among two or more spots observed in one direction only. The 

outward run is from known to unknown spots and the return run is the check 

observation in the opposite   direction. 

Figure 3.1 illustrates the actual deflection values obtained from the site observation 

using Precise Levelling which shows 2mm of deflection as an average on selected bay 

highlighted in red colour.
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Figure 3.1 Precise Levelling Deflection of 2mm of on Selected Bay, refer to Figure 5.11 for more details 
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The variation between the starting level of the initial spot for the outward run and that 

defined at the end of the return run is called a close. If the levels have been lowered 

correctly this value should be the same as the variation between the total of the rises 

and falls and also the variation between the total of the backsights and foresights. 

The height of the optical axis of the telescope at the time of the setup is called Height 

of Collimation. The bar of collimation is the fictional bar at the height, and orders of 

observation presents the quality of the observation, normally being measured by the 

anticipated maximum closing error. 
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Figure 3.2 Levelling Instrument 

A level is essentially a telescope connected to an accurate levelling instrument, set 

upon a tripod which gives ability to rotate horizontally through 360°. Basically the 

levelling instrument is a bubble. There are three ordinary forms of level. 

a) Dumpy Level: 

These are other typical levels predominantly considered in construction project. The 

telescope is connected to a single bubble and the assembly is adjusted by footscrews 

which are adjusted first in one way, then at 90°. 

https://www.google.co.uk/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwiWyqDhsenNAhXDDsAKHT0bCpEQjRwIBw&url=https://www.pinterest.com/pin/166844361169901667/&bvm=bv.126130881,d.ZGg&psig=AFQjCNFSUrSCU7WMLBr-i1gNvuwKn1rEKA&ust=1468256988108047
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b) Tilting Level: 

Fitted with a circular bubble for preparatory levelling and a main bubble which is 

connected to the telescope. For each reading, the main bubble is sighted through an 

eyepiece and the telescope tilted by a fine screw to get the two ends of the bubble into 

conformance. 

c) Automatic Level: 

This type of level is now in common use. It has a display which consists of a 

configuration of three prisms. The two outer ones are connected to the cylinder of the 

telescope. The middle prism is suspended by thin wiring and respond to gravity. The 

device is first levelled with a round bubble; the compensator will then drift the bar of 

view by the amount that the telescope is out of level. 

The levelling staff is a box unit of aluminium, which will extend in height by telescoping, 

addition of units. One side has a graduated scale connected for observing with the 

cross-hairs of the level telescope. These sides can alter in shape and graduation; 5mm 

graduations is the maximum for accurate levelling of gauging units. 

Currently most staves used are of aluminium due to its durability. Yet aluminium has 

a co-efficient of thermal expansion of 0.000023m/metre of length/°C, and this will result 

some potential inaccuracies, such as Brookeades and Survey Chief staves are 

consolidated at 27°C, and in extreme cold weather these staves will be 3mm short 

over their actual length. In case of low temperature work review the temperature table 

for every individual staff which will come with its instruction manual. 
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Figure 3.3 Level Observing Deflection on Slab 

These are usually a small rounder bubble on an angle plate which is attached to one 

corner of the staff to guarantee that the staff is held in a vertical status. If it is not, then 

reading will be too large and will be remarkably in error. 

The steps below summarises the levelling procedures 

 Foresight and Backsight distances should be equal to prevent any errors as a 

result of earth curvature, refraction or collimation 
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 Distances should not be so big as to not be able to observe the graduations 

accurately 

 The spots to be levelled should be below the level of the device, yet not lower 

than the height of the staff 

 Parallax is the visible motion of the image generated by motion of the observer's 

eye at the eyepiece. It is reduced by centring the telescope on infinity to adjust 

the eyepiece. The setting should stay steady for a certain observer's eye 

 Loose-leaf levelling sheets should be indexed 

 Details of the site and any relevant work should be registered 

3.2.2 Hydrostatic Cells Levelling (HCL) Method 

For a long period constantly Hydrostatic Cells Levelling method is effectively used for 

the continuous observing of deformations in height of structures and various types of 

technical constructions. The observation method basically consists of different 

observing cells which are connected by pipes and tubes as illustrated in (Figure 3.4). 

More information can be obtained from Chapter Four. 
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Figure 3.4 Hydrostatic Cells Levelling System Connected 

In the Hydrostatic Cells levelling method (HCL) the data is expressed in numeric terms, 

such as temperature, location, dimensions and percentages. Since the research 

needs to be both replicable and valid, care is required in all aspects of data acquisition 

and analysis. Allocating the correct position for the cell is essential in order to obtain 

the most accurate data deflection, as illustrated in (Figure 3.5) shows the location of 

the Hydrostatic Cell Level position on the column. 

The Hydrostatic Cells Levelling method provides: 

 High precision measurements to 0.025mm 

 Long life and low maintenance 

 Can read data every 5 seconds if required  
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Figure 3.5 Hydrostatic Cell Levelling Location 

The method requires: 

 One fixed reference point outside the zone of influence 

 Power supply, site PC and internet connection 
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Figure 3.6 Hydraulic Cell Level date box 

In the method, water from a water reservoir installed higher than the cells is kept at a 

constant pressure in the system. The water line is a complete sealed circuit passing 

through each cell. A reference cell is situated outside the settlement zone so that it 

does not move. All movements from cells within the circuit being referenced to this cell 

are reflected as a change in height. 

The airline also passes through the cells in a circuit but, unlike the water line, is left 

open in the environment; this is stable so all the cells have the same air pressure. If a 

cell location moves, the capacitive pressure transducer situated between the water 

and air chambers in the cell records the difference in pressure. The electrical signal 

from the cell, which varies from 4mA to 20mA, is sent to a data box, which then 

transmits to a site logger that converts the signal to useable units (mm). 

Once the circuit is complete, the system is set to zero through the software. Any 

subsequent change in water pressure is recorded from each cell in the chain and 
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compared with the reference cell. If settlement occurs in one cell location, as the 

structure moves downwards the water pressure will increase in that cell showing a 

negative value. If the cell is raised due to heave, the pressure decreases showing a 

positive value.  

(Figure 3.7) Illustrates Hydraulic Cell Level network connection, which is connected to 

the data box below 

 

Figure 3.7 Hydraulic Cell Level Network Connection 

 (Figure 3.8) Illustrates the water pressure reservoir connected to tubes transferring 

water pressure to the cells.  
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Figure 3.8 Hydraulic Cell Level water pressure reservoir 

The methodology of Hydrostatic Cells Levelling (HCL) Systems can be defined as 

below, more information on (HCL) described in details in Chapter Four. 

a) Principle of Function 

Stationary hydrostatic multipoint levelling systems have been successfully for a long 

time for the continuous monitoring of changes in the height of buildings and other 

technical constructions. The observation technique essentially consists of various 

observing sports, which are connected by pipes and tubes as illustrated in Figure 3.9. 
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Figure 3.9 Hydrostatic Cells Levelling Connected to Data Box 
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The hydrostatic levelling system measures pressure differences versus a reference 

measuring point. These changes of pressure are converted to a height difference. The 

reference level is defined by the liquid horizon in a header tank. A water tube connects 

all the measuring points to the header tank and therefore, with the reference level, 

because the header tank is not linked to the measuring circuit, the level changes 

experienced by the liquid (e.g. through liquid losses, equal heating) have no influence 

on the measurement results. 

b) Accuracy 

The heart of the hydrostatic levelling system are capacitive pressure devices, which 

are characterised by their stability and reliability. The technical specifications are as 

follows (Getec 2016) 

 Compensated range:   0 – 50 °C 

 Operation Temperature:   -20 – 80 °C 

 Stability:     0.2 mm/a 

 Linearity:     0.2 mm 

 Resolution:    0.01 mm 

 Measuring range:    200 mm 

The analogue signals from the pressure devices were captured and converted into 

measuring values during the use of the measuring system in a free time range, with 

the mean value and standard deviation being calculated at the end of each time range. 

The standard deviation of the mean value is normally an amount between 0.02 mm 

and 0.05 mm. An integrated mathematical temperature model can correct for the 

influences of temperature. 
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c) Measuring Dynamics 

The dynamic response to the hydrostatic levelling device using pressure measurement 

distinguishes it from the liquid level gauge system since the head of the liquid oscillates 

with very small amplitudes. As an example, once stimulated, because of the 

conversion of the measuring system, the relaxation time has a value of about 10 s 

(100 m – hydrostatic levelling system). Classical liquid level gauge systems have a 

relaxation time ten times more than this. 

d) Date Capture and Process Visualisation 

The electrical capture of the measuring signals from, the measuring points was 

achieved by using electric/analogue (E/A) modules. These modules for analogue input 

were charged with 8 channels (to a maximum of eight measuring points for the 

complete hydrostatic levelling device) and a 16 Bit A/D converter, which assures a 

high monitoring speed. The sampling rate was 10 Hz. The decentralised arranged 

modules were linked with a RS-485 bus line and were guided by a computer. The 

technical specifications of process E/A modules are as follows: 

 Total sampling rate in the network max. 1500 signals/s 

 Sampling rate per module can be used without a repeater 

 Up to 256 modules can be used without a repeater 

 Watchdog survey for the module function and date transmission 

 Power supply from 10V up to 30V 

 Galvanic separation up to 3000V 

 RS-485 interface with transmission rates of 300 up to 115.200 bps 
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 16 bit A/D conversion 

e) Monitoring Software 

A personal computer read the signals provided by the modules as illustrated in (Figure 

3.10). Getec Software was used to visualise the data and saves them in an archive. 

The functionality of the visualisation software is as follows: 

 

Figure 3.10 Hydrostatic Cells Levelling Monitoring Software  

 Process visualisation-panel control 

 Various software interfaces 

 Archive for measuring value – ODBC Databases MS Access 

 Data capture using a RS-485 bus line 

f) Hydrostatic Cell Level Site Installation 
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The hydrostatic levelling cell installation was completed on 16th Oct 15 in the afternoon 

and the PC was set to record readings throughout the night so as to collect the 

measurements needed to check the data quality. A water test was completed early in 

the morning on 17th Oct 15 and the results were checked for accuracy. Following the 

water test, the data was exported to the website. Data was collected every 15 minutes 

and was available for viewing shortly after being recorded. (Figure 3.11) illustrates the 

HCL system in action observing the deflection and the transfer of data back to the 

Getec website. Values shown in blue are the settlements in mm, while values shown 

in orange are the temperatures for that cell. Two cells do not have temperatures are 

in close proximity to cells which do. 

The graphical data were reviewed by selecting a certain point or all points together. It 

is also possible to plot settlement and temperature side-by-side to see any variation 

effects between the two. When viewing a chart it is possible to change the scales and 

the date ranges that are plotted. If any events occurred on site, or there are any 

comments in general within the system, these can be logged by expanding the journal 

option in the top right of the window, and typing a log entry for the time shown below 

in the bottom right as illustrated in Figure 3.11.  Hence, if an historical observation or 

comment needs to be made this can be done by first changing the “Display Date” to 

the time of the event. 
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Figure 3.11 HCL System in Action Observing Deflection and Transferring Data
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The slab deflection and temperature vs time recorded for the period of 142 days illustrated in Figure 3.12. 

 

Figure 3.12 Deflection & Temperature Vs Time 
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g) Work Package Plan for Installation of Hydraulic Cell Level System 

This work package plan by Getec (2016) describes the safe working practices and 

method required for the installation of a hydrostatic levelling cell (HLC) system 

comprising of eight HLCs at Elephant Gardens, for the University of West London. A 

site specific hazard assessment was completed once on site. The PhD Project Student 

(Author) at the University of West London, the reinforced concrete frame contractor, 

A. J. Morrisroe & Sons Ltd (2016), and the principal contractor Lend Lease UK (2016) 

were each given a copy of the work package plan prior to works commencing. The 

plan required that: 

 All operatives attend a site-specific induction prior to the start of works 

 All operatives are adequately trained and qualified for each task 

 All operatives are briefed on the contents of this work package plan and are 

provided with a task briefing prior to commencing work 

 All operatives are signed in and out of site as required by the client or principal 

contractor 

 All equipment used has an inspection or calibration certificate which can be 

produced and validated if required 

h) Scope 

There is a requirement to document the performance of commercial reinforced 

concrete flat slabs in order to comment on current design assumptions. 

Getec UK were tasked with the supply and installation of eight Getec 500 Hydrostatic 

Cells Levelling (HCL) onto the underside of a third floor reinforced concrete flat slab 

at a new development, Elephant Gardens located in Elephant & Castle - London, along 
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with the real-time presentation of the data obtained from the monitoring system using 

the specialist web-based monitoring software from Getec Quick View. 

 

Figure 3.13 Location of Site Investigation, Elephant & Castle - London 

The HCLs were attached to the underside of the concrete slab with two 6 mm diameter, 

50 mm long stainless steel masonry screws into 8 mm diameter RAWL plugs. These 

required 8 mm holes to be drilled into the concrete slab to a depth of approximately 50 

mm. Access was by means of a small scaffold tower. 

The data logger PC and the liquid reservoir were mounted with four and two of the 

same screws, respectively, at locations deemed most suitable when on site. 
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The cabling and tubing was run between the HLCs around the edge of the concrete 

slab and secured with cable ties to cable tie bases nailed to the concrete approximately 

every 0.5m using a gas actuated fastening tool. 

Due to the location of the bleed valves on the HLCs a different method needed to be 

adopted to fill the system: each HLC was removed from the slab and tilted to an upright 

position, thus allowing the air to be bled from the HLC as it usually would be. Once all 

the air had been bled from the HLC it was then re-attached to the underside of the 

slab. To facilitate the filling of the system the header tank was placed as high up as 

possible as recommended and supervised by the PhD researcher. 

See (Figures 3.11and 3.14) for the approximate location of the HLCs.
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Figure 3.14 HCL Attached to the Underside of the Concrete Slab
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3.2.3 Shape Accel Array (SAA) Method 

Getec (2016) apply the Shape Accel Array (SAA) produced by Measurand for 

accurately observing slab deflections, sewer movement, retaining walls, and drilling 

inclination observation. 

 

Figure 3.15 Shape Accel Array (SAA) (Getec 2016) 

The Shape Accel Array (SAA) can also be applied for vibration observing. SAA is a 

series of sold slices separated by joints that can shift in any direction but cannot twist. 

MEMS gravity sensors observe decline in two directions. Processors convert the 

location (X,Y & Z) of each cell to produce format and transform of format. 
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Figure 3.16 (SAA) – Intrados Profile (Getec 2016) 

The SAA data can be applied instantly in the gtcVisual observing software and with 

SAA Viewer app that is merged into gtcVisual, standalone PC and all android 

platforms. 

 

Figure 3.17 Practicality of Shape Accel Array (SAA) (Getec 2016) 



131 
 

Getec have successfully applied the SAA to observe slab heave and deflection, drill 

positioning, tank base movement, retaining wall deformation and sewer deformation. 

3.2.4 Optical Fibre Method 

The instantly growing technology of microelectromechanical systems (MEMS) is 

facing exceptional growth in communication and sensing implementations. MEMS 

systems commercially under development for optical communication implementations 

include optical cross-connects as stated by David and Roland (2000), add-drop 

wavelength multiplexers as Joseph et al (1999) states, obtain equalisers, and tuneable 

lasers and filters as Burrer et al (1996) indicates. Moreover, MEMS sensing systems 

have gained commercial prosperity in micro accelerometers. More MEMS systems 

presently under development include resonant transducer sensors, gyroscopic 

sensors, magnetic field sensors and pressure sensors. In spite of the fact that not all 

MEMS systems inclose movable elements, the systems shown below indicate the 

usual trait that they cover some out-of-plane movable element (Tayag et al 2003). 

 

Figure 3.18 Optical Fibre Interferometer (Tayag et al 2003) 

3.3 Planned Sequence of Tasks 

The planned sequence of tasks is outlined in Table 3.2. 

Table 3.2 Planned Sequence of Tasks  
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Task Description 
Approximate 

Duration 
Planned 
Sequence 

Numbe
r         
         

1 
Preparation and checking of kit, 

briefings etc. 0.25 days       
         

2 
Mounting of the HLCs and Data 

logger PC. 0.25 days       
         

3 
Running  and  connecting  up  

cabling  and 0.25 days       
 tubing to the HLCs.        
         

4 Wiring up Data logger PC. 0.25 days       
         

5 
Fixing of reservoir and filling of 

system with 0.25 days       
 Antifreeze mix.        
         

6 Set up of PC and testing. 0.5 days       
         

 

If alterations were required to be done on site the changes had to be reviewed and 

initialled by the Site Supervisor or Project Manager and submitted as a new revision 

of the document at a later date. The Site Supervisor and Project Manager were 

informed of any delays to the programme. 

3.3.1 Authorisation 

Getec UK started work on site with prior authorisation from the PhD Researcher at the 

University of West London, Morrisroe and Lend Lease. Upon completion of the works 

the work area was made clean and safe and checked by Morrisroe and Lend Lease 

prior to Getec UK leaving the site. 

3.3.2 Quality Requirements 

For the calibration and validation procedures after completion of the work an 

installation report was prepared by the PhD Researcher (Author), and was limited to 
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the location of the sensors, installation details, baseline values, early instrument 

readings and calibration certificates. 

3.3.3 Materials 

The following materials were used to install the Hydraulic Cell Level system on site: 

 8 Getec 500 HLCs.  

 1 Fluid Reservoir  

 1 Data logger PC  

 Cable ties  

 Cable tie bases  

 Steel/masonry nails  

 8mm/11mm PVC tubing  

 4mm/6mm PVC tubing  

 Cell screws  

 RAWL plugs  

 Data cable  

 De-mineralised water/antifreeze mix  

 Electrical tape  

3.2.4 Tools 

The following tools were used to install the Hydraulic Cell Level system on site: 

 Side cutters  
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 Screwdrivers  

 Tape measure  

 Spanners  

 Water pump pliers  

 Allan keys  

 Hand clamps  

 Ratchet and extension bar  

 Hilti TE-6A battery operated SDS drill  

 8mm drill bit  

 Hilti GX-120 gas actuated fastening tool  

3.3.5 Plant 

A platform (scaffold tower) was used to reach the slab in order to fix the cell sensors 

under the slab. 

3.4 HLC’s Calibration Certificate 

All hydrostatic levelling cells were factory calibrated, and their calibration certificates 

are included in Appendix. 

Temperature generally has an influence on the measurements and therefore affects 

the accuracy of the system. The main reason for this is the well-known change of 

density of a liquid utilized as a function of its temperature. There is also an influence 

on the sensor when temperature reaches the limits of its temperature range.  

There are both uniform and a differential temperature effects. Uniform temperature 

changes result in a uniform pressure change in all the measurement points due to the 

aforementioned change of density. This uniform pressure difference does not give a 

displacement.  
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In contrast to uniform changes, local thermal effects on the tubes and the sensors 

have an effect on the readings. The temperature influence on the hydrostatic levelling 

system is determined by either a change in water density, a fluid exchange between 

the liquid reservoir and tubing, dilatancy of the liquid reservoir, or the thermal 

coefficient of the zero point of the sensor.  

With the exception of the change in water density and the thermal coefficient of the 

zero-point of the sensor, the temperature effects cause uniform pressure differences 

in the water circuit which have no influence on the measurement of the hydrostatic 

levelling system. As far as possible, the design of the liquid level system can be 

optimized in such a way that vertical tube sections will be avoided. To compensate for 

local temperature effects, mathematical algorithms were investigated. These 

algorithms are derived from observations made during a certain measurement period. 

These thermal coefficients are applied for the different sensors in the data capturing 

system on the PC. 

3.5 Striking of Slabs Calculation, Elephant & Castle MP1 – Block (H10C) 

Based on the 'Early striking and improved backproping for efficient flat slab 

Construction by British Cement Association (2001) and (CIRIA REP 136 1995), more 

information on striking of slabs calculation can be obtained from Appendix H. 

Design Data: Design Loads as load plan 30/05/14 

Concrete grade used for slab striking calculations 

Concrete Strength           45 𝑁/𝑚𝑚2 

Transfer Slabs            50 𝑁/𝑚𝑚2 

Calculation Sheet for relevant conditions attached. 
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Loading plan is colour coded and illustrated in (Figure 3.19) describing the loading 

areas.
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Figure 3.19 Loading Plan, Block (H10C), Refer to (Figure 5.2 and 5.3) for detai
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3.6 Summary 

The behaviour of the service load depends on the material properties of the concrete 

however, at the early stage of design, these factors are largely unknown. And using 

the nonlinear and inelastic behaviour of concrete at the service load to design for 

serviceability limitation is complicated. Codes for serviceability limitation design are 

comparatively modest and, in some cases uncertain; indeed, even inaccurate in 

modelling structures’ behaviour. There has been a widespread failure to calculate the 

effect of shrinkage and creep on concrete structures. 

In this research Hydrostatic Cell Levelling system were identified as accurate and 

practical system for monitoring the slab deflection. The slab monitoring started from a 

very early stage in the casting when the slab was still wet. The Hydraulic Levelling 

Cells were positioned under the slab while the workers were pouring the rest of the 

3rd floor on the top. This study shows that the slab has been deformed by 2 mm, and 

it can be seen that the deflection started developing very slowly. Starting from 0 mm 

to 0.51 mm, and then by day 142 ending up with 2 mm. 

The formwork and falsework were left in an inordinately long time – approximately one 

month instead of typical two weeks turnover. This practice may have contributed to 

reduction of overall deflection and as indicated in the result certainly minimised the 

deflection during the first month. Further study is required to investigate and quantify 

positive impact of the long term propping. 

The shortening of 1.4mm/m is allowable. A better technique is to limit the differential 

shortening by calculating all reinforced concrete columns to the same standard, and 

by conserving long obvious spans between various structural shapes. 

 



139 
 

CHAPTER FOUR: Deformation of Multi-Storey Flat Slabs, a Finite Elements 

Analysis and Precise Levelling  

Traditional reinforced concrete slabs and beams are widely used for the building. The 

use of flat slab structures gives advantages over traditional reinforced concrete 

building in terms of design flexibility, easier formwork and use of space and shorter 

building time. Deflection of the slab plays critical role on design and service life of the 

building components, however there is very little recent research to explore actual 

deformation of concrete slabs whereas there have been various advancements within 

the design codes and construction technology (Tovi et al in 2017). 

This chapter provides calibration of Finite Elements packages for monitoring the 

deformation of structures with flat slabs and presents and discusses the experimental 

results for the vertical deformation. Computational simulation by using Bentley and 

ETABS has been used to analyse and determine deflection on reinforced concrete 

slabs according to Eurocode 2. 

Levelling is commonly used within the construction industry to monitor the deflection 

or deformation of the structures. This study presents results of levelling data for multi-

storey concrete structures, Elephant and Castle in London and aims to evaluate 

accuracy of levelling data by comparing to simulation analysis (Bentley and ETABS). 

4.1 Introduction 

This study aims to compare two Finite Elements packages (Bentley and ETABS) with 

reality (Precise Levelling site data) in order to investigate the deflection of Multi-Storey 

flat slabs and the behaviour of concrete slabs under load.  

Concrete deflections can be controlled, if the service load behaviour has been studied 

carefully. The behaviour of slab subjected to service loads initially depends on the 
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material properties of the concrete but, at the early stage of design, these factors are 

largely unknown. And using the nonlinear and inelastic behaviour of concrete at the 

service load to design for the Serviceability Limit state (SLS) is complicated. Standard 

codes for (SLS) design are comparatively modest and, in some cases uncertain; 

indeed, even inaccurate in modelling structures’ behaviour as Tovi et al (2016) 

indicates. In short, there has been a widespread failure to calculate the effect of 

shrinkage and creep on concrete structures (Tovi et al 2016). 

Deflection in respect to pre-stressed and reinforced slab structures may be calculated 

using several techniques, using either simple, or more advanced and refined methods. 

Beside elastic deformation it is important to include the effect of shrinkage and creep. 

A clearer understanding of concrete slab behaviour may be obtained from advanced 

analytical methods. Hence two leading Finite Elements packages were examined and 

used to predict deflection on the test slab. 

The reasons for controlling deflection as Technical report no. 58 by The Concrete 

Society (2005) indicates is to alleviate safety concerns, since deflection in flat slabs 

must be unnoticeable by residents. 

Current design limits on deformation such as Eurocode 2 are based on limits set four 

decades ago as presented by ISO 4356 (1977). When the forms of construction, 

partitions, finishes, cladding, and services were very different to what they are now. It 

is possible, therefore, that the current limits are too conservative, and more research 

is thus needed to understand current performance in order to enable more sustainable 

and economic designs. 

Serviceability and strength are two main criteria to consider when designing concrete 

structures. There has been limited recent academic research into deflection limits for 
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concrete slabs and this emphasises how significant and important this study will be for 

understanding the behaviour of the deflection of concrete slabs (Tovi et al 2016). 

In many cases, appropriate control of deflections may be achieved by complying with 

detailed span/depth ratios. There are some cases, however, where they should be 

determined to conform to tolerances concerning partitions and cladding, such as the 

case in St George’s Wharf, London, UK (Vollum 2004). 

The deflection of concrete slabs, depends on many variables such as loading, strength 

and cracking, among others, and estimation of deflection is critical in the sizing and 

reinforcement of slabs. The current design limits appear to be traditional, perhaps 

inappropriate to today’s forms of structural design and material reduction in the name 

of sustainability. The International Federation for Structural Concrete fib (2014) 

encourages more research on the behaviour of reinforced concrete slabs by applying 

both experimental and observation programme and this research is taking up the 

challenge. 

The design of reinforced concrete structures is usually based on small deformation 

theories. The different design methods aim at keeping deflections and crack widths 

within adequate serviceability limits (Gouverneur et al 2015). 

One of key issues in designing the deflection using typical classic techniques is the 

lack of a valid provision. The high costs involved in curing, casting and testing 

procedures of structural elements. Addressing this issues require finding the 

inexpensive new effective tools for designing of reinforced concrete slab behaviours 

such as deflection, crack width, etc. This involves the use of classical and /or modern 

designs for prediction of concrete slab deflection with assurance on structural 

behaviour and non-linear strain distribution (Mohammadhassani et al 2013). 
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Precise levelling is a technique of differential levelling which uses extremely accurate 

levels and with more stringent methods of making observations than normal 

engineering levelling. It aims to obtain high levels of accuracy such as 1 mm per 1 km 

traverse. However, the Hydrostatic Cell Levelling system were identified as accurate 

and practical system for monitoring the slab deflection as Tovi et al (2017) indicates. 

The whole idea was to compare the results from two leading FEA packages (Bentley 

and ETABS) with results from site. The Elephant and Castle site in London was used 

for experimental part of this study and observations were carried out on the 3rd floor 

of block H10C. 

4.2 Bentley: Structural Design Analysis Results 

Bentley is a well-known Finite Elements package, the package has been used in 

Elephant and Castle-London block H10C to observe analyse the deflection on 

concrete slab considering the parameters presented in Table 5.1: 
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Table 4.1 Bentley Design Rules (3rd Floor Elephant and Castel – London) 

Construction Site Block H10C 

RAM Structural 
System 

Integrate Slab and 
Foundation Models 

Design Rules 

Steel: Design and 
model structure 

Model slabs and 
foundations using 
specified 
applications that are 
combined within the 
master analysis 
design.  

Code Minimum 
Design: EC2:2004 
(UK) Min. 
Reinforcement 

RAM Concrete: 
Obtain 
reinforcement 
quantities for both 
lateral frames and 
gravity 

Generate model 
determinations and 
reinforcing plans. 

User Minimum 
Design: Specified 
Min. Reinforcement 

RAM Frame: 
Analyse walls and 
frames, including 
compliance with 
seismic and wind 
requirements 

Add the design 
details in BIM design 
by using ISM. 

Initial Service 
Design: EC2:2004 
(UK) Initial Service 
Design 

RAM Foundation: 
Evaluate, analyse 
and design spread, 
continuous, and pile 
cap foundations 

 Quasi-Permanent 
Service Design: 
EC2:2004 (UK) 
Quasi-Permanent 
Service Design 
Include detailed 
section analysis 

 

4.2.1 Detailing Rules 

Custom span detailing rules are illustrated in Figure 4.1, "A", "B" and "C", are support 

reinforcement sets, based on the peak reinforcement in the support zone. "D", "E" and 

"F", are span reinforcement sets, based on the peak reinforcement in the span zone. 

"*R1" is never taken as greater than 0.2 when multiplied by load combination (Lc or 

Lcc). 
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"Fraction" is the ratio of set reinforcement to peak reinforcement. It is always in the 0.0 

to 1.0 range. 

 

Figure 4.1 Custom Span Detailing Rules 
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4.2.3 Materials 

Concrete mix and materials in Table 4.2 has been considered for the 3rd floor block H10C bottom left corner bay highlighted in red 

rectangular. 

Table 4.2 Concrete Mix (3rd Floor Elephant and Castel Construction Site Block H10C) 

Mix          Density     Density for            f'ci          f'c   fcui       fcu  Poissons  User Eci User Ec 
Name          (kg/m³)     Loads (kg/m³)      (N/mm²)     (N/mm²)     (N/mm²)         (N/mm²) Ratio      Ec Calc (N/mm²) (N/mm²) 
 

C45/55        2400       2400   25   45        30       55   0.2        Code   25000  33500 

 

Figures 4.2 and 4.3 illustrates the architectural plan of 3rd floor block H10C, Elephant and Castle construction site, which is has been 

used to observe deflection    
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Figure 4.2 Loading Regions Colour and Number Coded [dashed rectangular] 
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Figure 4.3 Loading Regions Colour and Number Coded 
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Load History 

Table 4.3 Load History Details 

              Duration  Total Age 
Load History Step Name     Load Combination    (days)   (days)  
 

Maximum Short Term Load    Frequent Service LC: D + Ψ1L   30     33 

Sustained Load      Quasi-Permanent Service LC: D + Ψ2L  5000     5033 

Final Instantaneous Load     Frequent Service LC: D + Ψ1L   0     5033 

4.2.4 Finite Element Standard Plan 

Finite element method has been used to analysis block (H10C). Finite element standard plan as illustrated in Figure 4.4 describes the third floor block (H10C) mesh showing all elements including 

slabs, columns, walls, holes and point supports. Red area indicates the deflection bay where the site investigation carried out in Elephant and Castle block H10C – London. 
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Figure 4.4 Finite Element Standard Plan Block H10C, 3rd Floor Elephant and Castle - London
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4.2.5 Long-term Deflection 

Sustained deflection plan as illustrated in Figure 4.5 shows the impact of sustained 

load causing vertical deflection. 

The analysis indicates that the amount of deflection that occurs due to sustained load 

ranges from 1.55 mm to 22.94 mm as a maximum deflection value.  

 

Figure 4.5 Long-term Deflection Plan due to Sustained Load 

4.3 ETABS: Structural Design Analysis Results 

ETABS is a well-known Finite Elements package, the package has been used in 

Elephant and Castle-London block H10C to observe analyse the deflection on 

concrete slab considering the parameters illustrated in Table 4.4: 
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Table 4.4 ETABS Design Rules (3rd Floor Elephant and Castel – London) 

Construction Site Block H10C 

Design An Integrated Process Advance Analysis 

A basic grid system 
determined by horizontal 
slabs and vertical column 
lines 

A fully integrated software Static analyses 

The commonality has 
been used dramatically to 
reduce design and 
analysis time 
 

Finite element based 
dynamic analysis and 
linear static design 
 

vertical uniform actions 
on the level are 
distributed to the slabs 
and columns through 
bending of the level 
sections 

The input and output 
conventions used 
correspond to common 
building terminology 

Concrete structure model 
unit (slabs and column) 

3D method forms and 
frequencies, modal 
participation elements, 
direction elements and 
engaging mass 
percentages are 
examined using 
eigenvector or ritz-vector 
value analysis 

  

4.3.1 Computational Analysis  

The early stage of simulation analysis is illustrated in Figure 4.6, presents the grade 

line of structure, columns, floor slabs and hole’s boundaries. 

 

Figure 4.6 3D Grade Lines and Top View of Block (H10C) 
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Computational analysis of a ten floor block (H10C) simulated by ETABS illustrated in 

Figure 4.7 shows 3D of the block and top view, describing the floor slabs, columns 

and holes. 

 

Figure 5.7 3D and Top View of Block (H10C) 

The ETABS simulation analysis to determine deflection is illustrated in Figure 4.8, 

shows the deflection of approximately 2mm. 3 points have been selecting as an 

average long term deflection to compare with the Bentley and Precise Levelling 

deflection results. 
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Figure 4.8 Point 36 on Third Floor Slab 

Different spot on floor slab has been selected to determine deflection as illustrated in 

Figure 4.9, which shows the deflection of 1.25mm highlighted in red spot and yellow.  
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Figure 4.9 Point 91 on Third Floor Slab 

More spots have been selected as illustrated in Figure 4.10, to define deflection in 

order to compare the deflection values determined by ETABS later with Bentley 

simulation analysis and site observation deflection values by using Hydrostatic Cell 

Levelling and Levelling methods curried out by author in precious research paper 

related to the same project in Elephant and Castle – London block H10C. 

The deflection values in Figure 4.10, shows around 1.42mm. 
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Figure 4.10 Point 89 on Third Floor Slab 

4.4 Precise Levelling 

Precise Levelling has been used to determine the deflection on construction site in 

Elephant and Castle-London block H10C in order to compare the Precise Levelling 

deflection results with the Bentley and ETABS results. 

Levelling is the expression applied to any technique of measuring directly the 

difference in elevation between points. 
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Precise levelling is a technique of differential levelling which uses extremely accurate 

levels and with stringent methods of making observations than normal engineering 

levelling. It aims to obtain high levels of accuracy such as 1 mm per 1 km traverse. 

A level surface is a surface which is perpendicular to the direction of the load of gravity. 

For normal levelling method, level surfaces at various elevations can be taken into 

account to be parallel. An arbitrary level surface to which elevations are referred to is 

called level datum. The common surveying datum is mean sea level (MSL). A given 

datum, which is proposed by assuming a benchmark value (e.g. 100.000 m) to which 

all levels in the region will be lowered. 

A benchmark (BM) is the expression given to a specific, constant accessible spot of 

known height above a datum to which the height of other spots can be referred. It is 

normally a steel pin embedded in an essential concrete block cast into the floor. The 

positions of benchmarks shall be highlighted with BM marker paint and/or posts, and 

recorded on the station. 

A set-up refers the location of a level at the time in which a number of readings are 

made without mooring the device. The first reading is made to the known spot and is 

termed a back sight; the last reading is to the last spot or the next to be defined on the 

run, and all other spots are intermediates. 

A run is the observation among two or more spots observed in one direction only. The 

outward run is from known to unknown spots and the return run is the check 

observation in the opposite direction. 

Figure 4.11 illustrates the actual deflection values obtained from the site observation 

using Precise Levelling which after 2 weeks of casting, shows 2mm of deflection as an 

average on selected bay highlighted in rectangular shape.
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Figure 4.11 Precise Levelling Deflection of 2mm of on Selected B
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4.5 Summary   

Current design limits on deformation such as Eurocode 2 are based on limits set four 

decades ago in 1977. When the forms of construction, partitions, finishes, cladding, 

and services were very different to what they are now, therefore, the current limits are 

too conservative, and more research is thus needed to understand current 

performance in order to enable more sustainable and economic designs. 

There has been limited recent academic research into deflection limits for concrete 

slabs and this emphasises how significant and important this study will be for 

understanding the behaviour of the deflection of concrete slabs. 

One of key issues in designing the deflection using typical classic methods is the lack 

of a valid provision. The high costs involved in curing, casting and testing procedures 

of design elements. Addressing this problems need finding the inexpensive new 

effective tools for modelling of concrete slab behaviours such as deflection, crack 

width, etc. This involves the use of classical and /or modern models for prediction of 

slab deflection with assurance on structural behaviour and non-linear strain 

distribution. 

Bentley and ETABS have been used to determine deflection on concrete slab 

according to Eurocode 2, while Precise Levelling has been used to verify and compare 

actual deflection results with Bentley and ETABS. 

The simulation analysis results obtained from Bentley and ETABS and Precise 

Levelling results shows the very close correlation between them as deflection values 

around 2mm were recorded as an average on the third floor left bottom corner. 
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Precise levelling is a predominantly accurate technique of differential levelling which 

uses extremely accurate levels and with a further stringent observing execution than 

normal engineering levelling. It aims to obtain high levels of accuracy such as 1 mm 

per 1 km traverse. 
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CHAPTER FIVE: Evaluation of Column Shortening in mid-rise Concrete 

Structures 

The phenomenon of concrete column shortening has been widely acknowledged since 

it first became apparent in the 1960s. Axial column shortening is due to the combined 

effect of elastic and inelastic deformations, shrinkage and creep.  

This chapter aims to investigate the effects of ambient temperature, relative humidity, 

cement hardening speed and aggregate type on concrete column shortening. The 

investigation was conducted using a column shortening prediction model which is 

underpinned by the Eurocode 2. 

Critical analysis and evaluation of the results showed that the concrete aggregate 

types used in the concrete have significant impact on column shortening. Generally, 

aggregates with higher moduli of elasticity hold the best results in terms of shortening. 

Cement type used is another significant factor, as using slow hardening cement gives 

better results compared to rapid hardening cement. This study also showed that 

environmental factors, namely, ambient temperature and relative humidity have less 

impact on column shortening. 

5.1 Introduction 

In high-rise concrete buildings, columns are subject to axial shortening due to the 

combined effect of elastic and inelastic deformations, shrinkage and creep (The 

Concrete Society 2008). This phenomenon, noticed for the first time in the 1960s takes 

place during the curing of freshly cast concrete as well as on a longer term basis 

throughout a building’s life span (Moragaspitiya et al, 2010). Several factors affect 

column shortening: these include the concrete properties and amount of steel 

reinforcement, variations in Young’s modulus of elasticity of the concrete, 
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environmental conditions and the ratios of cross-sectional area to length 

(Moragaspitiya, 2011). 

Concrete is a heterogeneous material with mechanical and rheological properties that 

change with time. Creep and shrinkage have paramount importance in the design of 

concrete mid-rise and high-rise structures especially as the total shortening of a 

column comprises the sum of immediate axial deformations and the induced creep 

and shrinkage deformations (Pan, Liu and Bakoss, 1993). 

Concrete as a material is one of the most widely used owing to its durability, ease of 

construction and low cost (Shaikh and Taweel 2015). Several shrinkage and creep 

prediction methods have been developed to estimate the time-dependent 

deformations of concrete structures such as axial and differential column shortening 

as the inaccurate prediction of these phenomena could lead to structural and non-

structural failures especially with increasing building height (Moragaspitiya, 2010; Zou 

et al 2014). Therefore, it is vital that time-dependent deformations of vertical elements 

of hardened concrete structures are predicted and appropriate adjustments are made 

to the construction system used in high-rise buildings in order to cater for these 

deformations (Njomo and Ozay 2014). Creep and shrinkage are affected by numerous 

factors related to both the design and the construction of a concrete structure that 

make it difficult to get an in-depth understanding of the physical processes that cause 

creep and shrinkage of concrete elements (Aslani 2015). However, many studies have 

been carried out on the subject that have determined the main mechanisms that 

govern the rheological behaviour of cured concrete as well as the parameters that 

influence their magnitudes. Numerous models have been developed for the prediction 

of creep and shrinkage: some of them are regulatory such as the Eurocode 2 Model 

that is based on the CEB-FIP MC90 model, and the ACI-209 model developed by the 
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American Concrete Institute (Zou et al 2014). The precision and accuracy of these 

models however are low, especially for longer term behaviour (Bazant and Baweja 

1995).  

Differential axial shortening of columns induces additional stresses in horizontal 

structural members such as beams and slabs, and vertical non-structural members 

such as partition walls and glazing (Pan, Liu and Bakoss 1993). These induced 

additional stresses increase bending moments, shear forces and torsional moments, 

affecting thereby the corresponding diagrams used for the ultimate limit state design 

of the structure. Therefore, it is important that engineers can accurately quantify the 

shortening of columns in order to produce accurate structural designs for buildings 

susceptible to column shortening effect. Through the review of existing literature on 

differential column shortening in concrete structures, including creep and shrinkage 

deformations, no specific statements were evident on the exact impact that each of 

the factors affecting shrinkage and creep have on column shortening. The Concrete 

Centre has produced Excel (Microsoft 2016) spreadsheets underpinned by Eurocode 

2, for the prediction of column shortening with the possibility of selecting ambient 

temperature, relative humidity, cement type and aggregate type. The aim of this study 

is to investigate and quantify the effect of these factors and parameters on column 

shortening (The Concrete Centre 2016). 

5.2 Review of Column Shortening Developments 

Shortening of concrete columns induce additional stresses and torsion in slabs and 

beams. This is due to the differential shortening of the columns, in other words, the 

columns supporting a beams and slab system do not shorten by the same amount as 

they might not be subject to the same stress levels (Fintel, et al., 1987). This can be 

easily pictured when comparing the vertical loads acting on internal columns to those 
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acting on perimeter columns. A perimeter column typically supports two beams when 

it is located in the corner of the building and three beams otherwise, whereas an 

internal column typically supports four beams. The loads on perimeter columns are 

thus generally lower than the loads on internal columns, hence the difference in elastic 

deformation of the columns. The differential aspect of column shortening is thus 

caused by the variations that are inherent to the structural design of a column, hence 

the need of considering this phenomenon during the design stage and also proffer 

means of reducing differential column shortening. Plain non-differential column 

shortening also have adverse effects on the cladding and heads of partitions where 

allowance for the axial shortening has not been provided for (The Concrete Centre 

2014). 

Figure 5.1 illustrates the torsional effects of differential column shortening impact on 

non-structural members such as partition walls and façade glazing. 

 

Figure 5.1 Torsional Effect of Differential Column Shortening (reproduced from 

SlideShare, 2016) 
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In order to predict and monitor axial shortening, engineers have used analytical 

procedures, laboratory tests and measurements on constructed buildings along with 

analytical procedures. However, by comparing analytical predictions with on-site 

observations, it has been found that the accurate prediction of this phenomenon is 

difficult to achieve and complex. This is due to the variability, complexity and to some 

extent, the unpredictability of the influencing factors (Baidya and Mendis, 2010). 

The American Concrete Institute (ACI) Committee report 209 (2008) noted that 

regulatory models presented in European and American codes are based on past 

experience and they present a compromise between the precision of the results and 

the ease of use. Furthermore, the uncertainties of these models emanate from the fact 

that they consider a broad range of materials with different characteristics and from 

different countries in order to be applicable in all the regions where these codes are 

used (ACI Committee 209, 2008). Additionally, it has been shown that within the same 

batch of concrete, the shrinkage and creep of the specimens varied by up to 8%, 

justifying thereby the unpredictability of creep and shrinkage (Bazant, et al.1987). Also 

the development of models for the prediction of creep is difficult because the theory 

and processes describing it are not completely understood. According to Gardner 

(2004), it is not possible to predict creep and shrinkage with an accuracy of +/- 20%. 

The Creep and Shrinkage Committee from the ACI could not reach a consensus to 

determine which model allows the most precise and accurate prediction. The debate 

is partly on the type of data one should consider to develop the models, the types of 

parameters to be used in the model equations and on the appropriate statistical 

methods for the comparison of the models (ACI Committee 209 2008). 

According to Moragaspitiya (2011), shear cores and columns under axial compression 

are the main structural members for axial shortening control. The design of these 
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elements is thus the stage at which the issue of column shortening should be 

considered. Some of the methods that could be used to reduce the shortening of the 

columns include improvement of the mechanical properties of the materials and 

structural members, the use of rigid joints to connect columns and horizontal 

members, outriggers and the increase of reinforcement in the columns (Hansoo and 

Seunghak, 2014). However, the shortening of columns is usually investigated once 

the design of the structural elements is complete, making it laborious to address by 

structural element design alterations, that is, changing the column sections and 

material properties. Nonetheless, the reinforcement bars can be increased in order to 

stiffen the column and reduce its shortening (Hansoo and Seunghak, 2014).  

Patel and Pooojara (2014), carried-out a construction stage analysis using the 

Extended Three Dimensional Analysis of Building Systems (ETABS) software 

computer and structures, Inc. (2012), to show that the cross-sectional area of columns 

had a direct impact on the differential shortening of the columns. The study 

demonstrated that the larger columns exhibits lower axial and differential shortenings 

(Patel and Poojara, 2014). The study additionally found that when the construction 

pace is high, the shortening of the columns is substantial for both tall and short 

buildings; nevertheless, when the construction rate is low, short buildings are not 

concerned with column shortening.  

Acker (2003), found that creep strains in concrete result only from the visco-plastic 

behaviour of cement hydrates C-S-H; viscous deformations outweighing by far the 

elastic deformation, and this deformation is completely reversible. This finding is the 

result of creep tests and indentation at the nanoscale on a high-performance fibre 

reinforced concrete. A comparative study of the basic creep behaviour was made 

between different types of concrete. These included ordinary concrete, high and ultra-
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high performance concrete and fibre concrete. The outcome showed the differences 

between the basic creep values of different concretes. The study concludes that these 

differences can be explained by a profound change in the internal structure of the 

hydrates C-S-H. To explain this change, there are two theories. The first is the 

"exhausted collapse site" created by shrinkage. Whereas, the second is linked to a 

coupling between capillary pressure and the mechanical stress or, in how these 

stresses are superimposed locally at the hydrate layer or, in the process of stress 

concentration and capillary pressure that occurs in dry granular stacks (Acker, 2003). 

Hansoo and Seunghak, (2014), worked on the reduction of differential column 

shortening in tall buildings. They showed that increasing the reinforcement in the 

columns results in decreased differential shortening. Their study was carried out by 

modelling an 80 storey building with beam spans of 8m and by taking the beam 

stiffness as zero. Their results demonstrated that an increase of 4% in the steel ratios 

of the columns lead to a column shortening reduction of 51.7% and that for a 1% 

increase in reinforcement the column shortening was reduced by 15.9%. However, the 

work also showed that the effect of increasing the steel ratio on the shortening of the 

columns is not linear and that this effect decreases with higher steel ratios. 

Choi, et al., (2012) and Kamath et al., (2015) investigated a different approach for 

reducing differential column shortening in tall buildings with the use of outriggers. 

Outriggers are used to connect core walls to peripheral columns as illustrated in Figure 

6.2. The use of these rigid horizontal structural members increases the stiffness of the 

structure thereby reducing its overturning ability (Choi, et al., 2012). Both studies found 

that optimal use of outriggers can significantly reduce differential axial shortening of 

concrete columns. Moreover, Kamath et al., (2015), results showed that the differential 

shortening was decreased by 34% when an outrigger system was used at a level 
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58.3% of the height of the building. Higher overall height to outrigger position height 

ratios produced an increase of the differential shortening. Additionally, using the same 

model while keeping the outrigger fixed at its optimum position of 58.3% of the overall 

height and by adding another outrigger system at an optimum position of 75% of the 

structure’s height, the differential shortening was reduced by a total of 58% (Kamath, 

et al. 2015). 

 

Figure 5.2 Outrigger System 
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5.3 Column Shortening Prediction 

For the purposes of this study, the behaviour of a 12-storey and a 24-storey building 

structure was simulated using the TCC55 and TCC55X Excel (Microsoft 2016) 

spreadsheets produced by The Concrete Centre (The Concrete Centre 2016), for the 

prediction of column shortening. These Concrete Centre spreadsheets calculate both 

the short-term and long-term shortenings of columns based on Eurocode 2. The short-

term shortening is referred to as ‘Shortenings between Floors’ and represents the 

amount by which a column lift shortens in length when the next floor is constructed on 

top of it. Whereas, the long-term shortening is referred to as ‘Floor Displacements’ and 

represents the net displacement of the floor from the level at which it was erected (The 

Concrete Centre, 2016). 

5.3.1 Column Shortening 

The column shortening effect can be determined by considering the variation of 

possible parameter combinations. The parameters are: (i) ambient temperature, (ii) 

relative humidity, (iii) cement hardening speed and (iv) types of aggregate used. The 

considered ambient temperatures are 5°, 20° and 30° Celsius along with relative 

humidity (RH) of 50%, 60%, 70% and 80%. Additionally, Slow-, Normal-, or Rapid 

hardening (S, N or R) cement classes based on Eurocode 2 classification are 

considered along with four aggregate mineralogy types, namely: Basalt, Limestone, 

Quartzite and Sandstone. The total number of possible combinations is 288 for each 

of the two structures, that is, 12-storeys and 24-storeys, totalling 576 combinations. 

5.3.2 12-Storey Building Description 

The TCC55 Excel spreadsheets produced by the Concrete Centre allows for the 

calculation of the shortening of the columns for structures up to 12-storey (45.75m 
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total height) in terms of creep and shrinkage strains in accordance with BS EN 1992-

1-1 Clauses 3.1.3(1), 3.1.3. (3) and Annex B.  

For this study, the dimensions of the columns, the concrete strength, the area of steel 

reinforcement, as well as the loading sequence for the 12-storeys are shown in Table 

5.1; Figure 5.3 shows the structure’s frame. 

Table 5.1 Geometry and Loading Sequence of the 12-Storey Building 

Leve
l 

Tim
e 
gap 
days 

Column below Col 
SW 
kN 

Floor 
SW 
kN 

At 
age 
days 

Balance 
of Gk 
kN 

Age 
days 

Per
m 
Imp
ose
d Qk 
kN 

Age 
day
s 

fck 
N/m
m2 

Len
gth 
mm 

H 
m
m 

B 
m
m 

ASL 

mm2 

Roof 14 40 375
0 

30
0 

30
0 

452 8.4 354.
4 

7 118.1 28 44.3 82 

11 14 40 375
0 

30
0 

30
0 

125
7 

8.4 354.
4 

7 118.1 28 62.0 96 

10 14 40 375
0 

40
0 

40
0 

125
7 

15.
0 

354.
4 

7 118.1 28 62.0 110 

9 14 40 375
0 

45
0 

45
0 

125
7 

19.
0 

354.
4 

7 118.1 28 62.0 124 

8 14 40 375
0 

45
0 

45
0 

196
3 

19.
0 

354.
4 

7 118.1 28 62.0 138 

7 14 60 375
0 

45
0 

45
0 

125
7 

19.
0 

354.
4 

7 118.1 28 62.0 152 

6 14 60 375
0 

45
0 

45
0 

259
2 

19.
0 

354.
4 

7 118.1 28 62.0 166 

5 14 60 375
0 

50
0 

50
0 

321
7 

23.
4 

354.
4 

7 118.1 28 62.0 180 

4 14 60 375
0 

50
0 

50
0 

321
7 

23.
4 

354.
4 

7 118.1 28 62.0 194 

3 14 80 375
0 

50
0 

50
0 

321
7 

23.
4 

354.
4 

7 118.1 28 62.0 208 

2 14 80 375
0 

50
0 

50
0 

321
7 

23.
4 

354.
4 

7 118.1 28 62.0 222 

1 14 80 450
0 

50
0 

50
0 

482
5 

28.
1 

354.
4 

7 118.1 28 62.0 236 

 

𝑊ℎ𝑒𝑟𝑒: 𝑓𝑐𝑘 = 𝐶ℎ𝑟𝑎𝑐𝑡𝑒𝑟𝑖𝑠𝑡𝑖𝑐𝑠 𝑐𝑦𝑙𝑖𝑛𝑑𝑒𝑟 𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑐𝑜𝑛𝑐𝑟𝑒𝑡𝑒;  𝐻 = 𝐶𝑜𝑙𝑢𝑚𝑛 𝑑𝑒𝑝𝑡ℎ ;  𝐵

= 𝐵𝑟𝑒𝑎𝑑𝑡ℎ 𝑜𝑓 𝑐𝑜𝑙𝑢𝑚𝑛; 𝐴𝑆𝐿 = 𝐴𝑟𝑒𝑎 𝑜𝑓 𝑠𝑡𝑒𝑒𝑙;  𝑆𝑊 = 𝑆𝑒𝑙𝑓𝑤𝑒𝑖𝑔ℎ𝑡; 𝐺𝑘

= 𝐶ℎ𝑎𝑟𝑎𝑐𝑡𝑒𝑟𝑖𝑠𝑡𝑖𝑐𝑠 𝑣𝑎𝑙𝑢𝑒 𝑜𝑓 𝑝𝑒𝑟𝑚𝑎𝑛𝑒𝑛𝑡 𝑎𝑐𝑡𝑖𝑜𝑛 𝑎𝑛𝑑 𝑄𝑘

= 𝐶ℎ𝑎𝑟𝑎𝑐𝑡𝑒𝑟𝑖𝑠𝑡𝑖𝑐𝑠 𝑣𝑎𝑙𝑢𝑒 𝑜𝑓 𝑣𝑎𝑟𝑖𝑎𝑏𝑙𝑒 𝑎𝑐𝑡𝑖𝑜𝑛 
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Figure 6.3 12-Storey Building Frame 

5.3.3 24-Storey Building Description 

The Concrete Centre TCC55X Excel spreadsheet calculates the shortening of the 

columns for structures up to 24-storeys. The dimensions of the columns, the concrete 

strength, the area of steel reinforcement used and the loading sequence for the 24-

storey structure (87.75m total height) used in this study are shown in Table 5.2; Figure 

5.4 shows the structure’s frame. 
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Table 5.2 Geometry and Loading Sequence of the 24-Storey Building 

Level Time 

gap 

days 

Column below Col 

SW 

kN 

Floor 

SW 

kN 

At 

age 

days 

Balance 

of Gk 

kN 

Age 

days 

Perm 

Impo

sed 

Qk 

kN 

Age 

days 
fck 

N/m

m2 

Len

gth 

mm 

H 

mm 

B 

mm 

ASL 

mm2 

Roof 14 40 300

0 

300 300 3619 6.8 300.6 7 93.8 28 14.4 133 

23 14 40 300

0 
300 300 3619 6.8 300.6 7 93.795 28 14.4 147 

22 14 40 300

0 
300 300 3619 6.8 300.6 7 93.795 28 14.4 161 

21 14 40 300

0 
300 300 3619 6.8 300.6 7 93.795 28 14.4 175 

20 14 40 375

0 

300 300 3619 8.4 601.3 7 187.59 28 28.9 154 

19 14 40 375

0 
300 300 3619 8.4 601.3 7 187.59 28 28.9 168 

18 14 40 375

0 
300 300 3619 8.4 601.3 7 187.59 28 28.9 182 

17 14 40 375

0 
300 300 3619 8.4 601.3 7 187.59 28 28.9 196 

16 14 40 375

0 
300 300 3619 8.4 601.3 7 187.59 28 28.9 210 

15 14 40 375

0 
300 300 3619 8.4 601.3 7 187.59 28 28.9 224 

14 14 40 375

0 
300 300 3619 8.4 601.3 7 187.59 28 28.9 238 

13 14 40 375

0 
300 300 3619 8.4 601.3 7 187.59 28 28.9 252 

12 14 40 375

0 
300 300 3619 8.4 601.3 7 187.59 28 28.9 266 

11 14 40 375

0 
300 300 3619 8.4 601.3 7 187.59 28 28.9 280 

10 14 48 375

0 
300 300 3619 8.4 601.3 7 187.59 28 28.9 91 

9 14 48 375

0 
300 300 3619 8.4 601.3 7 187.59 28 28.9 105 

8 14 48 375

0 
300 300 3619 8.4 601.3 7 187.59 28 28.9 119 

7 14 48 375

0 
300 300 6283 8.4 601.3 7 187.59 28 28.9 133 

6 14 48 375

0 
300 300 9817 8.4 601.3 7 187.59 28 28.9 147 

5 14 48 375

0 
300 300 1608

5 
8.4 601.3 7 187.59 28 28.9 161 

4 14 48 375

0 
300 300 1608

5 
8.4 601.3 7 187.59 28 28.9 175 

3 14 48 375

0 
300 300 1930

2 
8.4 601.3 7 187.59 28 28.9 189 

2 14 48 375

0 
300 300 2412

7 
8.4 601.3 7 187.59 28 28.9 203 

1 14 48 450

0 
500 500 2734

4 

28.1 601.3 7 187.59 28 28.9 217 

∗  See Table 5.1 for symbols Notation 
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Figure 5.4 24-Storey Building Frame 



173 
 

5.4 TCC55 and TCC55X Results and Discussion 

5.4.1 Investigation of the Effects of Environmental Factors on Column 

Shortening, Ambient Temperature 

It has been observed during the simulations that higher ambient temperatures resulted 

in lower shortenings of the columns. For instance, in the 12-storey building with an 

ambient temperature of 5° C, 50% relative humidity, N class cement, and Basalt used 

as aggregate, the total net shortening that would occur at roof level is 28.6 mm as 

shown in Figure 6.5, whereas whilst keeping the same conditions but raising the 

ambient temperature to 30° C, the total shortening at roof level decreases to 26.1 mm. 

However, the maximum values for total net shortening are reached at the 11th Floor 

with a total of 29.6 mm at 5° C and 27.1 mm at 30° C. 

 

Figure 5.5 Ambient Temperature Simulation Results for 12-Storey Building 

Structure, Rotimi et al (in press), See Table 5.1 
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Figure 5.6 shows that a similar trend is also observed in the case of the 24 storey 

building; where a total net shortening of 66.7 mm is predicted at the 24th floor level 

with 5° C ambient temperature, 50% relative humidity, N class cement and Basalt used 

as aggregate. A total shortening of 60.7 mm is obtained at the 24th floor level with 

identical conditions but with 30° C ambient temperature. 

 

Figure 5.6 Ambient Temperature Simulation Results for 24-Storey Building 

Structure, Rotimi et al (2017), See Table 5.2 
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Table 5.3 Results Summary for the Effect of Ambient Temperature on Column 

Shortening 

50% RH, N Type Cement, Basalt 
aggregate 

5° C 30° C Δ [mm] Δ [%] Δ/ 1° C 

Shortening at 11th Floor for 12-
Storey 

29.6 27.1 2.5 9 0.10 

Shortening at 15th Floor for 24-
Storey 

163.8 151.6 12.2 7 0.49 

∆= Difference in shortening 

As shown in Table 7.3, there is an increase of 0.10 mm in total net column shortening 

for each 1°C ambient temperature drop for the 12-storey building and an increase of 

0.49 mm for each 1° C ambient temperature drop for the 24-storey building. 

5.4.2 Investigation of the Effects of Environmental Factors on Column 

Shortening, Relative Humidity 

The Concrete Centre considers a relative humidity of 50% as ‘Internal Exposure’ and 

a relative humidity of 80% as ‘External Exposure’ (The Concrete Centre, 2016). 

However, relative humidity should be considered as the proportion of water vapour 

that the air can hold at a given temperature (The Concrete Countertop Institute, 2016). 

The simulation results show that the higher the relative humidity the lower the 

shortening. This can probably be attributed to the fact that less water is lost by the 

concrete at higher relative humidity, thereby resulting in lower plastic shrinkage effect. 

As shown in Figure 6.7, in the case of the 12-storey building, with an ambient 

temperature of 20° C, 50% relative humidity, N class cement, and Basalt used as 

aggregate, the maximum total net shortening that was obtained at the 11th floor level 

was 28.0 mm whereas, a maximum total net shortening of 22.3 mm was obtained with 

80% relative humidity. 
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Figure 5.7 Relative Humidity Simulation Result for 12-Storey Building 

Structure, Rotimi et al (2017), See Table 6.1 

In the 24-storey building a maximum total net shortening of 156.1 mm was obtained 

at the 15th floor level with 50% relative humidity. Whereas with 80% relative humidity 

the maximum total net shortening at the 15th floor was 140.1 mm. The results show a 

10% reduction in net maximum shortening when relative humidity is increased from 

50% to 80%. Figure 5.8 illustrates relative humidity results for the 24-storey building 

structure. 
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Figure 5.8 Relative Humidity Simulation Results for 24-Storey Building 

Structure, Rotimi et al (2017), See Table 6.2 

Generally, the higher the relative humidity, the less water can evaporate from the 

freshly cast concrete, this results in a slower concrete curing rate that consequently 

produces a higher compressive strength concrete. As creep and shrinkage related 

strains are directly related to the concrete compressive strength, it is expected that 

creep and shrinkage deformations increase with decreasing compressive strengths 

and vice versa. 
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Table 5.4 Results Summary for the Effect of Relative Humidity on Column 

Shortening 

20° C, N Type Cement, Basalt 
aggregate 

50% 
RH 

80% RH Δ [mm] Δ [%] 

Shortening at 11th Floor for 12-Storey 28.0 22 6.0 20 

Shortening at 15th Floor for 24-Storey 156.1 140.1 16.0 10 

 

From Table 5.4, it is apparent that the total net shortening of the columns can be 

reduced by 20% to 10% for the 12-and 24-storey building by increasing the relative 

humidity from 50% to 80%. 

5.4.3 Investigation of the Effects of Material Parameters on Column Shortening, 

Cement Classification 

The Concrete Centre’s prediction spreadsheets allow for 3 classes of cement to be 

used. The cement can be either of the three classes according to Eurocode 2: Slow-, 

Normal-, or Rapid hardening (S, N or R) cement the expressions being in terms of rate 

of strength gain (British Standard Institution 2014). There are different types of cement 

available commercially however, in the UK these are based on designations CEM I, 

CEM II & CEM III (The Concrete Centre 2016). Generally, CEM I cements are Portland 

cements and will typically be Classification 'R' to BS EN 1992-1-1. CEM II and CEM 

III, or their equivalents, may be 'S', 'N' or 'R' with specific classification made based on 

the proportions of Ground Granular Blast-furnace Slag (ggbs) or fly ash in the cement 

(The Concrete Centre 2016).  

As shown in Figure 5.9, the simulation results indicate that the slower the hardening 

the less shortening occurs. For the 12-storey case, with 20° C ambient temperature, 

50% relative humidity and Basalt used as aggregate, the maximum total net shortening 
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is obtained at the 11th floor level with values of 26.6 mm for ‘Slow Hardening’ cement, 

28.0mm for ‘Normal Hardening’ cement and 31.3 mm for ‘Rapid Hardening’ cement. 

 

Figure 5.9 Slow, Normal and Rapid Hardening Cement Results for 12-Storey 

Building Structure, Rotimi et al (2017), See Table 6.1 

A similar trend is observed for the 24-storey building structure as illustrated in Figure 

5.10. The maximum total net shortening is observed at the 15th floor level with values 

of 155.4 mm for slow hardening cement, 156.1 mm for normal hardening cement, and 

158.1 mm for rapid hardening cement. The effect of cement type on the maximum net 
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shortening in the 24-storey building structure is not as significant as that predicted in 

the 12-storey building structure. In the 24-storey case, the maximum net shortening 

occurs at the 15th floor level. For the 12-storey building, the results show that net 

maximum shortening increases by approximately 5% and 16% for normal and rapid 

hardening cement respectively compared to that of slow hardening cement. Whereas, 

for the 24-storey building, the net maximum shortening increases by approximately 

0.5% and 2% for normal and rapid hardening cement respectively compared to that of 

slow hardening cement. 

 

Figure 5.10 Slow, Normal and Rapid Hardening Cement Results for 24-Storey 

Building Structure, Rotimi et al (2017), See Table 5.2 
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Table 5.5 Results Summary for the Effects of Cement Type on Column 

Shortening 

20° C, 50% RH, 
Basalt aggregate 

S-Type 
Cemen
t 

Δ(N-
S) 
[mm] 

Δ(N-S) 
[%] 

N-Type 
Cemen
t 

Δ(R-N) 
[mm] 

Δ(R-N) 
[%] 

R-Type 
Cemen
t 

Shortening at 
11th Floor for 12-

Storey 

26.6 1.4 5 28.0 3.3 12 31.3 

Shortening at 
15th Floor for 24-

Storey 

155.4 0.7 0.4 156.1 2.0 1.3 158.1 

 

S − Type = Slow hardening; ∆(N − S)

= (Normal hardening cement column shortening)

− (Slow hardening cement column shortening); N − Type

= Normal hardening; ∆(R − N)

= (Rapid hardening cement column shortening)

− (Normal hardening cement column shortening);  R − Type

= Rapid hardening 

Table 5.5 shows that the faster the hardening of the cement, the higher the shortening 

effect especially for building structures not up to 24-storey. By choosing to use a slower 

setting cement, the total net shortening can be reduced by 5% and 0.4% for the 12-

and 24-storey buildings respectively. Whereas, deciding to use a rapid setting cement, 

the total net shortening will be increased by 12% and 1.3% for the 12-and 24-storey 

buildings respectively. 
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5.4.4 Investigation of the Effects of the Mineralogy of the Aggregate on Column 

Shortening 

The Concrete Centre’s spreadsheets allows for selection of four different types of 

aggregates, namely: Basalt, Limestone, Quartzite and Sandstone. The effect of using 

each of these types of aggregate has been investigated in all the environmental 

conditions as well as using the three types of cement available on the programme. 

This study showed that irrespective of the ambient temperature, relative humidity and 

cement type used, the same aggregate type ranking emerges in terms of column 

shortening. The results obtained for the 24-storey building with an ambient 

temperature of 5° C, a relative humidity of 50% and N-class cement are shown in 

Figure 5.11. 

 

Figure 5.11 Aggregate Type Results at 5° C, 50% RH, and Normal Hardening 

Cement for the 24-Storey Building 
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Figure 5.11 presents the results of using a ‘N’ class cement, 50% relative humidity and 

an ambient temperature of 5° C, while varying the aggregate types. For all the 

aggregate types the maximum net shortening occurs at the 15th floor level with values 

of 163.8mm, 178.9mm, 187.8mm and 208.8mm for Basalt, Quartzite, Limestone and 

Sandstone respectively.  Basalt produced the least net shortening with the Quartzite, 

Limestone and Sandstone aggregate giving net shortening values that are 9%, 15% 

and 27% greater than that of Basalt. 

 

Figure 5.12 Aggregate Type Results at 30°C, 50% RH, and Normal Hardening 

Cement) for the 24-Storey Building 
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The results obtained with ambient temperature of 30°C, 50% relative humidity and 

normal hardening cement while varying the types aggregate used are shown in Figure 

5.12. Similar behaviour was observed with the change in ambient temperature from 

5°C to 30°C. For all the aggregate type, the maximum net shortening occurs at the 

15th floor level with values of 151.6mm, 166.3mm, 175.0mm and 196.1mm for Basalt, 

Quartzite, Limestone and Sandstone respectively.  Basalt again produced the least 

net shortening with Quartzite, Limestone and Sandstone aggregate giving net 

shortening values that are 10%, 15% and 29% greater than that of Basalt. 

As far as aggregate mineralogy is concerned, Basalt gives the best results in this 

simulation, that is, the least net shortening effect. It is followed by Quartzite, Limestone 

and finally Sandstone which gives the highest values of shortening.  

The mineralogical origin of the aggregates used in the concrete mixtures has thus a 

significant impact on the post-casting deformations of concrete and thereby on the 

shortening of the concrete columns. 

Table 5.6 Results Summary for the Effect of Aggregate Type on Column 

Shortening 

50% RH-N 
Type Cement 

Basal
t 

Quartzit
e 

Limeston
e 

Sandston
e 

Δ(max-min) 
Difference[m
m] 

Δ(max
-min) 
[%] 

Shortening at 
15th Floor at 5° 
C Ambient 
Temperature 

163.8 178.9 187.8 208.8 45.0 27 

Shortening at 
15th Floor at 
30° C Ambient 
Temperature 

151.6 166.4 175.0 196.1 44.5 29 
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Table 5.6 shows the results summary of the investigation on the effect of aggregate 

mineralogy on the total net shortening of the columns in a 24-storey building. Changing 

the type of aggregate used can alter the shortening by between (27% - 29%) for 

ambient temperatures of 5°C and 30°C respectively. 

5.5 Summary 

This study evaluated column shortening in mid-rise concrete structures, with focus on 

the effects of ambient temperature, relative humidity, cement hardening speed and 

aggregate type. The study approach used The Concrete Centre model for column 

shortening prediction produced insightful results.  

The results show that the effect of the temperature on the total net shortening of 

columns can be considered as negligible compared to that of the other factors 

considered. Nonetheless, to reduce the shortening of the columns in a given project, 

consideration should be given to the erection of the structure in warmer weather when 

possible.  

Furthermore, this study indicates that the total net shortening of columns can be 

reduced by 20% to 10% in 12-and 24-storey buildings by increasing the relative 

humidity from 50% to 80%. Additionally, cement hardening speed can be considered 

as insignificant for buildings up to 24-storey. However, in the case of a 12-storey 

building, the effect of cement type on total net column shortening becomes substantial.  

Finally, the results also indicate that the aggregate type used when compared with the 

other factors considered has the most substantial impact on column shortening. 

Changing the aggregate type can alter the shortening by 27% with an ambient 

temperature of 5°C and 29% with an ambient temperature of 30°C. 
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The results of this study show that environmental factors that are the least controllable 

have less significant impact on column shortening. Column shortening can be 

significantly reduced by modifying controllable parameters such as the aggregate and 

cement types. 

5.6 Recommendation 

From the conclusion above, it can be recommended that using Limestone and 

Sandstone as aggregate in buildings over 13 storeys should be avoided. Furthermore, 

Basalt should be preferred to Quartzite when possible. Generally, it can be said that 

igneous rocks should be considered as first choice aggregate for high-rise concrete 

buildings, followed by metamorphic rocks.  

Use of sedimentary rocks as aggregate should be discouraged even for low-rise 

buildings. This is that even though the shortening of the columns is not usually an 

issue in low rise buildings, creep and shrinkage deformations are concerns in terms of 

concrete cracking. Sedimentary rocks give the highest values of creep and shrinkage 

deformations. Moreover, aggregates with higher moduli of elasticity produce smaller 

relative values of column shortening. 
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CHAPTER SIX: Analysis of Results and Discussion  

6.1 Introduction 

Robert Bird and Partners Limited (RBP) were engaged by Lend Lease to provide 

Structural, Civil and Geotechnical Engineering design services for the Master Plan 

Phase (MP1) project in Elephant and Castle, London. 

This chapter sets out the construction tolerances and describes the predicted 

movements that the building’s structure will go through during the design life of the 

building. 

It is intended that this chapter may referred to by the Architect, M&E Engineer, Main 

Contractor, Façade designer and other specialist subcontractor designers to 

understand both the initial position of the structure and the behaviour (movement) of 

the structure under loading of the  primary structural elements. Design parameters are 

provided for use in the design and detailing of secondary structures, cladding, 

partitions and ancillary items that connect to the primary structure. 

These items may include, but are not limited to: 

 Cladding 

 Lifts 

 Floor and ceiling finishes 

 Partitioning 

 Services 

 Secondary Steelwork 

No allowance has been made for deformations of non-structural or secondary 

elements and if deemed necessary the interested party should make their own 

assessment of this. 
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This chapter initially considers construction tolerance and building movements 

separately, followed by a discussion and summary of the combined effect which the 

follow-on secondary structures and cladding, need to allow for. 

Tolerances relate to the accuracy of the fabrication and construction of the structure, 

whilst movements relate to changes to the structural geometry due to the loads or 

forces being applied to the structure. The initial position of the structure as constructed 

is that shown on the structural drawings with the addition of the permitted positional 

tolerances referred to in (Section 7.3) of this chapter. All subsequent movements are 

measured from the envelope formed by the permitted tolerances. 

The movements calculated for design purposes are the upper-bound movements 

under the appropriate codified loading for the building’s design life. Movements have 

typically only been considered for the structure in its completed form. In order to 

describe the movements “seen” by elements fixed to the structure, however, 

assumptions regarding the construction programme and construction sequence have 

been made. These assumptions are recorded in (Section 7.5) and are based on the 

advice received from Lendlease. In the event that the frame contractor’s proposed 

methodology, sequence or programme significantly changes from these assumptions, 

the movements provided in this chapter should be reviewed and updated. 

Movements that occur during construction are not covered by this chapter (except 

where specifically described) as these will be dependent on the construction sequence 

and programme adopted by the contractor. The frame contractor may need to adopt 

a construction methodology that ensures that the movements and tolerance 

requirements of this chapter are met for their adopted sequence. The contractors 

adopted construction sequence and fit-out programmes, in conjunction with any 
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adopted temporary work solutions, will determine the movement that occurs at each 

interface relative to installation. 

This chapter should be read in conjunction with the structural drawings, specifications 

and other contract documents (for more details refer to Appendix B). This movement 

and tolerances analysis is a performance specification for construction designed 

elements or alternative contractor design proposals. 

6.2 Outline Description of Building and Structural Form 

Master Plan Phase 1 (MP1) is the first phase of a wider masterplan development. In 

addition there are two other related (but separate) developments currently being 

constructed by Lend Lease – Trafalgar Place, and One the Elephant. 

The MP1 site is located in Elephant & Castle, Southwark, London, and forms part of 

the Elephant and Castle Regeneration Masterplan scheme. The approximate 

postcode for the centre of the site is SE17 1SR. 

The proposed development comprises a mixed-use development, with affordable and 

private accommodation split into apartments, townhouses and duplex units over three 

sets of blocks. 

With reference to Figure 7.1, a description of each block comprising MP1 follows: 
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Figure 6.1 MP1 Site (Master Plan 1 – Elephant & Castle – London)
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where  

Block H6A: 3 storey townhouses (14.80m Above Ordnance Datum, AOD) 

Block H6C: 8 storey building facing Wansey Street with open plan single story flats 

(29.70m AOD); Retail space is provided at ground floor on the western perimeter, 

whilst BOH storage, plant rooms and circulation is provided on the eastern side. 

Block H6D: 16 storey building with open plan single story flats (55.23m AOD); retail, 

and lobby space is located on the west side of the ground floor, and plant rooms, 

including substation, switch rooms and CHP station are located on the east. 

Block H6E/F: 8 storey building with open plan, single storey flats on all upper levels 

with duplexes on the ground and first floors (30.48m AOD) 

Block H10A: 3 storey townhouses facing onto Wansey Street. 

Block H10C: 8 storey building with open plan, single storey flats on floors 2-7 and 

duplexes occupying ground and first floors; two duplex penthouses on level 7 (37.23m 

AOD). This building is connected to a three storey residential building (facing onto 

Brandon place) via a linking storey at level 2, below which is an opening in the building 

permitting access to the courtyard. 

Block H13A: 7 storey building with open plan, single storey flats on levels 2-6, and two 

storey duplexes between ground and level. 

H13C: 3 storey residential buildings (13.58m AOD) facing onto Wansey Street. Mid-

rise and tall buildings have private balconies and terraces. 

A single level basement is located under part of developed site (H6A, H10A and part 

of central courtyard) for car parking, plant and cycle storage. 
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A raised central courtyard, situated above the basement, provides public realm 

amenities and landscaping. 

MP1 is designed to revolve around the retention of existing trees. 

6.3 Construction Tolerance Specifications – Concrete 

The tolerances stated in this research are defined as the permitted deviations from the 

specified size or position of the relevant structural element prior to the striking of the 

formwork. 

The frame contractor may conform to the allowable construction tolerances as 

described by this study and as set out in Appendix B. The project’s allowable 

construction tolerances are based on those specified by the National Structural 

Concrete Specifications 4th Edition (NSCS) (2010). 

For the avoidance of doubt, the construction tolerances specified within this research 

(including the appendix), and the interpretation of construction tolerances described 

within this chapter, take precedence over the NSCS specification. 

6.4 Discussion of Construction Tolerances 

As described in the NSCS (2010), tolerances are not cumulative, and shall be 

considered in hierarchy, where each subsequent tolerance level must be contained 

within the broader tolerance level above. 

There are generally more than one tolerance criteria applied to any given positional 

check. The contractor is required to comply with all criteria. 

6.4.1 First Level (Highest Level) – Overall Tolerance of the Structure 

This is the outside envelope within which the structure must be achieved, specifying 

allowable: 
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 Inclination of the structure 

 Overall building level 

 Position of base supports 

 Foundation bolts and similar inserts 

6.4.2 Second level – Positional Tolerance of All Parts of the Structure 

The positional tolerance of all parts of the structure must stay within the envelope of 

the First Level allowable tolerances (Section 6.4.1). The NSCS breaks this down into 

two categories: 

 Position of columns and walls 

 Position of beams and slabs 

Allowable tolerances are generally specified relative to adjacent members or between 

adjacent floors (not to absolute datum). These allowable tolerances should be used 

by designers when assessing the allowable minimum dimensions between elements. 

The specified setting out of the structure (what is shown on the drawings) needs to 

make due allowance for the allowable positional tolerances. 

6.4.3 Third level – Dimensional Tolerance of The Individual Elements 

This is the allowable tolerance of structural element dimensions. Once again, though, 

the structure must also comply with the Second Level allowable tolerances (Section 

6.4.2). The NSCS breaks this down into three categories: 

 General structural elements 

 Staircases 

 Precast Concrete Elements 
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6.4.4 Fourth level – Position Tolerance  

This is the allowable tolerance in the position of reinforcements and fixings within 

individual structural elements. The NSCS breaks this down into three categories: 

 Reinforcements 

 Holes and fixings 

 Surface straightness 

6.5 Description of Movements 

The information on movements included in this research is defined as changes in the 

structural geometry under applied loading, which are effectively movements away from 

the initial position as constructed, including movements beyond the envelope formed 

by the allowable construction tolerance. 

These movements can be the result of a number of different loadings and factors which 

are briefly outlined below. 

6.5.1 Dead Loads (Permanent) 

These are movements caused by: 

 The self-weight of the structure 

 Finishes 

 Cladding 

 Ceiling and services 

The movement of the horizontal members due to these loads is generally discussed 

in terms of the beam and slab deflections. 
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Movement of the vertical elements includes the axial shortening - both elastic 

(instantaneous) and inelastic (time dependant due to creep) of the concrete core and 

columns under applied loads. 

Dead loads cause permanent deformation of the structure, and it should be noted that 

the majority of creep effects result from movement due to dead loads. Dead loads can 

also cause horizontal movements of the structure and these are noted in this report 

where considered significant. 

Movements due to dead loads are unrecoverable. 

Refer to (Appendix B) loading plans for further details of the dead loads the structure 

has been designed for. 

6.5.2 Imposed Loads (Live) 

These are movements caused by imposed (live) loads and may be considered as 

short, medium or long term loads caused by the user of the building. Generally, for 

time dependant movement calculations it has been assumed that on average 30% of 

the “design” imposed load is applied in the long term. The remaining 70% is applied 

as a short to medium term transient load. 

The movement of the horizontal members due to these loads is generally discussed 

in terms of the beam and slab deflections. Movement of the vertical elements include 

the axial shortening - both elastic (instantaneous) and inelastic (time dependant due 

to creep) of the concrete core and columns under applied load. 

Deformations caused by imposed loads are generally recovered once the live load is 

removed, however, for medium and long term imposed loads, permanent additional 

deformation occurs due to creep, refer to (Appendix B) loading plans for further details 

of the imposed loads the structure has been designed for. 
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6.5.3 Foundation Movement 

Vertical movement of the structure will occur due to settlement of the supporting 

foundations / piles under applied loading. This can include differential movement due 

to different loads across the building, or variations in ground conditions or foundation 

types. Changes in ground water pressures or imposed ground movements such as 

heave can also cause movements to the structure. 

H10C will incur a 42 mm worst case settlement according to Robert Bird Group 

foundation movement calculation, half of which will be released due to elastic 

deformation (21 mm) according to (Appendix B). H10B will witness a 10 mm 

settlement, therefore the differential settlement between blocks H10C and H10B will 

be in the region of 9-11 mm, which satisfies the differential settlement limits for the link 

structure, refer to (Appendix B) for more details 

In order to limit differential settlements between H10B and H10C, construction 

sequencing will serve to remove the short term settlement, leaving a minimised 

differential settlement of approximately 9 mm between the two blocks. Refer to Figure 

6.2 below for a bearing pressure plot showing the differences in pressures exerted on 

the ground from both structures. Construction of H10B can commence once H10C 

reaches at least 75% completion, as presented in detail in (Appendix B). 
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Figure 6.2 H10B & H10C Settlement Plot 

6.5.4 Concrete - Long Term Concrete Effects (Shrinkage, Creep and Cracking) 

Shrinkage and creep are time dependent properties of concrete, both leading to 

permanent shortening of concrete elements. The properties are complex and 

dependent on the ambient humidity, the dimensions of the element under 

consideration and the composition of the concrete. Creep is also influenced by the 

maturity of the concrete under first load application and the magnitude of the load and 

the loading history, (Appendix B). 

0.0 1.0 1.8 2.7 3.4 4.1 5.4 6.2 8.3 

BLOCK H10C 

BLOCK H10B 
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Creep occurs when a concrete element undergoes compression (including 

compressive stresses due to bending moments). Deflection due to creep is generally 

in the order of two times the elastic deflection, i.e. for every 1 mm of elastic deflection, 

an additional 2 mm of deflection due to creep occurs over time. This “creep factor” will 

typically lie in the range from 1 to 3 depending on variables as outlined above and will 

be different for separate structural elements. 

A common approximation is that, under constant conditions, 40% of the total creep 

occurs in the first month, 60% in six months and 80% in 30 months. The movements 

discussed within this research are calculated on this basis according to Robert Bird 

Group foundation movement calculation. 

Shrinkage is more difficult to estimate due to its dependence on the geometry of the 

element and the potential for minimisation via appropriate curing techniques. 

Cracking of concrete reduces the effective modulus of the section under consideration, 

and this results in greater deflections than an un-cracked element. In order to assess 

the impact of cracking on structural movements, a computer analysis is typically 

required since this behaviour can be complex. A cracked section can be expected to 

have half the effective stiffness of an un-cracked section as Robert Bird Group 

structural design indicates. The fully cracked section will therefore deflect twice as 

much as an un-cracked section. Cracking effects needs to be accounted for in 

conjunction with creep effects. 

Movements due to shrinkage and creep are unrecoverable. Effects due to cracking 

are generally also unrecoverable; however the use of post-tensioning (where/if 

specified) can limit and reduce the degree of cracking since the compression can close 

these cracks. 
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6.6 Pre-Cambering and Pre-setting 

Pre-cambering is the process of constructing a slab or beam in a smooth continuous 

curve (circular or parabolic). 

Pre-setting is the process of constructing a beam or slab into a pre-set position away 

from its specified position. Pre-setting is generally specified at a given point or along 

a given line, with a linear change in pre-set positions. Straight lines between pre-set 

points (not curved). 

Pre-cambering and pre-setting are used as means of deliberately constructing the 

structure in the opposite direction to that which it is predicted to move in under dead 

loads, so that after (a proportion of the) dead load is applied the structure has deflected 

into its required position in space. This does not change the amount of movement 

which the primary structure goes through, but can be used to reduce the amount of 

sag or deflection that the following elements (and building users) need to 

accommodate. 

Where required, pre-cambers and pre-sets will be detailed on the structural drawings 

at Stage E and beyond. It is recommended by Eurocode 2 (2008) to pre-camber up to 

70% of the expected dead (permanent) load deflection since there is a possibility of 

over pre-cambering, which may cause a permanent upwards deflection instead of a 

reduced downwards deflection. 

6.7 Construction Programme 

The construction programme affects the movements of the structure. A key item is the 

time at which the cladding is constructed since this has a large impact on the amount 

of movement the cladding has to accommodate. 

Key assumptions on the construction programme are: 
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 Tower typical floor cycle time of one calendar week (seven days) 

 Cladding installed three to eight floors behind leading slab – four to eight weeks 

after slab cast 

 Cladding installed before floor finishes and fit out. Construction sequence for 

H06D (as an example) is assumed to be: 

 Core jump formed circa five floors ahead of floor construction 

 Floors constructed, with verticals (except core) in cycle 

 Pods (if applicable) loaded onto slab, located away from slab edge 

 Cladding installed 

 Non- load bearing party walls constructed 

 Floor finishes applied 

 Partition walls constructed along with general fit out and installation of services 

 Ceiling installed 

6.8 Accumulation of Movement and Tolerances 

6.8.1 Accumulation of Tolerances 

Tolerance values are generally not cumulative. The box principle is to be applied to 

this building. Reference should be made to (Section 6.3) which includes project 

specific figures specifying the overall tolerances to be achieved. 

If it is necessary to combine tolerances, then this combination needs to comply with 

the method given in BS 5606 (1990) which involves taking the square root of the sum 

of the squares of the relevant individual tolerances. This method accounts for the 
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statistical improbability of all deviations occurring in the most onerous manner and 

direction. 

6.8.2 Accumulation of Movements 

Movements are to be combined in conjunction with the requirements of BS EN 1990 

(2008) Table A1.4, for the serviceability combination appropriate to the item under 

consideration, characteristic, frequent or quasi-permanent combinations. 

For the combination of movements from different elements, the movements should be 

additive under the relevant load combination. The quasi-permanent load combination 

accounts for the reduced live load that is likely to be experienced by that structural 

element in the long-term. 

To assist in achieving a consistent interpretation of the combined movements, specific 

movement combination cases have been identified and are defined in this section. 

6.8.3 Combination of Movement and Tolerances 

The combination of tolerance and movement is additive, i.e. combined tolerance + 

movement. Figure 6.3 describes the indicative timeline of structural tolerances and 

structural movements for a typical slab edge, and identifies which of the movements 

occur prior to cladding and partitions being installed and which occur after. It is 

important that the following trade-offs recognise which movements need to be allowed 

for in the tolerances of the structural interface/connection, and which structural 

movements need to be allowed for in the jointing systems. 
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Figure 6.3 Movements and Tolerances Timeline 

CAST SLAB 

DEROP / STRIKE SLAB 

INITIAL CREEP MOVMENT 

DUE TO CLADDING INSTALLATION 

TOLERENCE TO BE ALLOWED FOR BY CLADDING / FINISHES 

ELASTIC MOVMENT DUE TO SDL & PERMANENT PORTION OF IL 

REMANING CREEP & SHRNKAGE 

REMANING: IL 

MOVMENT TO BE ALLOWED BY CLADDING / FINISHES 

TIME LINE OF SLAB MOVMENTS 
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To assist in achieving a consistent interpretation, specific combinations of movements 

and tolerances have been identified and are defined in (Section 6.10). 

6.9 Details of Structural Movement Limits 

The following sets out the structural deflection limits for different structural conditions. 

For each condition, the actions (loads) considered in reference to these limits shall 

be those required for the relevant serviceability limit state (working loads), and may 

be reduced where appropriate in accordance with BS EN 1990 (2008) and (BS EN 

1991 2008). 

Movement is discussed below in its incremental components. (Section 6.11) 

describes the combination of movements and tolerances relevant to various follow on 

trade-offs and interfaces.  

6.9.1 Vertical Deflection - Floor under Vertical Imposed and Dead Loading 

The suspended floors have been designed in accordance with the deflection limits 

shown in Tables 6.1 and 6.2, which are based on those defined in section 7.4.1 of BS 

EN 1992-1-1 (2004). The deflection is assessed relative to supports.  A negative 

number represents a sag, and a positive number represents a hog. 
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Table 6.1 Slab Deflection Criteria – Internal Conditions 

Type Loads Applied Deflection Limit 

Initial Deflection 

(Prior to installation of cladding, 
partitions and finishes) 

Self-weight of 
structure 

+ 5 mm 

- 10 mm 

Incremental Deflection: 

(Long term additional deflection 
after installation of cladding, 
partitions , finishes and long term 
imposed loads 

+ short term imposed loads) 

Quasi-permanent 
loads + imposed 
(live) loads 

+ 10 mm 

- 20 mm or Span / 
500 (the lesser of) 

Total Long Term Deflection 

(combination of short term + 
incremental) 

Quasi-permanent 
loads + imposed 
(live) loads 

+ 15 mm 

- 30 mm or Span / 
250 (the lesser of) 

 

Table 6.2 Slab Deflection Criteria – Slab edge Conditions 

Type Loads Applied Deflection Limit 

Initial Deflection 

(Prior to installation of cladding, 
partitions & finishes) 

Self-weight of 
structure 

+ 5 mm 

- 10 mm 

Incremental Deflection: 

(Long Term additional deflection 
after installation of cladding, 
partitions , finishes and long term 
imposed loads 

+ short term imposed loads) 

Quasi-permanent 
loads + imposed 
(live) loads 

+ 10 mm 

- 15 mm or Span / 
500 (the lesser of) 

Total Long Term Deflection 

(combination of short term + 
incremental) 

Quasi-permanent 
loads + imposed 
(live) loads 

+ 15 mm 

- 25 mm or Span / 
250 (the lesser of) 
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Note: Quasi-permanent loads include all dead loads, superimposed dead loads plus 

a proportion of the imposed load considered as permanent. This proportion varies 

according to the proposed usage of the space, but is typically 30% for residential use. 

6.9.2 Vertical Foundation Settlement 

Differential settlement at the head of the pile under working load: 

 At the head of the pile - between adjacent columns < 10 mm or L/1000 

 At the head of the pile - between the core and adjacent columns < 10mm or 

L/1000 

The anticipated settlement of the piled foundations for H06C, H06D and H06EF is in 

the range of 5 – 15 mm, with the differential settlement between H06C and H06D, will 

be in the range of 5-10 mm, (Appendix B). 

The total settlement for all rafts (except H10C) is 30 mm, H10C is limited to 42 mm. 

6.9.3 Axial Shortening of Concrete Cores Walls and Columns 

a) Vertical Elastic Shortening 

The concrete columns and cores shorten elastically under loading as well as 

exhibiting inelastic shortening due to creep and shrinkage. It is assumed that 

geometrical lengthening will be provided via definition of super-elevation levels, to 

build out the elastic axial shortening due to the quasi-permanent serviceability 

combination in accordance with Eurocode design. This is the design assumption 

made to provide an installed core datum that accounts for axial shortening. Refer to 

(Section 6.5.6) for comments on creep and shrinkage. 
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The loading considered to find the maximum elastic shortening in cores is the 

Characteristic Serviceability Load Combination in accordance with A1.4 (BS EN 1990 

2008). 

b) Vertical Inelastic Shortening 

Vertical inelastic time dependent shortening of the concrete core and columns is due 

to creep and shrinkage of the concrete. 

This shortening of the core and columns, relative to the datum, is dependent on the 

construction sequence and programme. 

For MP1 buildings (all under 20 storeys) vertical shortening is negligible. 

7.10.4 Horizontal Deflection – Movement of the Structure under Wind Loading 

The primary structure will deflect laterally under wind loading. Wind loads are based 

on peak gusts lasting for a short period and therefore it is permissible to use short 

term E values for the concrete in assessing these movements, provided that a 

cracked section analysis is used where appropriate. 

Based on these assumptions the horizontal sway under wind loading in conjunction 

with long-term gravity loading will be limited to the values given in Table 7.3 below. 

Table 6.3 Horizontal Movement Criteria, based on (Eurocode 2 2008) 

Condition Deflection Limit 

Deflection of a single storey h / 400 

(where h=storey height) 

Overall building sway H / 500 

(where H = total building height) 
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This is comfortably inside the defined limits. It is recommended, however, that all 

follow-on trades and structural interfaces are designed based on the deflection limits 

set out in Table 6.4. 

6.9.4 Horizontal Deflection – Movement of the Structure under Gravity Loading 

When the centre of a building’s weight does not coincide with the centre of its vertical 

stiffness, the structure will deflect horizontally. The structural design aims to limit this 

affect to limit the movement and to limit the permanent lateral action; this applies to 

the stability core, although some movement is inevitable for a building. The building 

movement limits are set out in Table 6.4 below. 

Table 6.4 Allowable Lateral Deflections due to Gravity Loads, (Eurocode 2 2008) 

Condition Deflection Limit 

Deflection due to structural self-weight H / 2000 

(where H=storey height) 

Deflection due to total dead loads H / 1500 

(where H = total building height) 

 

Assessments indicate that building movements due to gravity loads are less than 10 

mm and therefore are unlikely to require any pre-setting of the structure. 

6.9.5 Movement of the Structure Subject to Thermal Actions 

It is assumed that upon completion the structure is enclosed within the building 

envelope, a controlled temperature environment. Thermal movements for the 

structure are derived in accordance with BS EN 1991-1-5 (2002) assuming: 

c) The coefficient of thermal expansion of the concrete is 12 x 10-6 / ℃ 
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d) Table  5.1,  BS  EN  1991-1-5 (2002),  the  average  inside  temperature,  T0  =  

(20 ℃  + 25 ℃)/2 = 22.5 ℃. 

Table 6.4 Building Temperature Variation 

Building Temperature Differential 

 Tin Tout ## T ** ∆Tu = T – T0 

Summer 20 ℃ 35 + 18 = 53 ℃ 36.5 ℃ 14 ℃ 

Winter 25 ℃ -10 ℃ 7.5 ℃ -15 ℃ 

 

Thermal movement for the building under consideration is to be derived utilising the 

coefficient of thermal expansion of steel and concrete, 12 x 10-6 / ℃, and a 

temperature differential of 30 ℃. As a simplification, the temperature range 

experienced by the concrete can be assumed to range from 5 oC to 35 ℃, hence the 

strain experienced by the concrete will be 0.36 mm/m. 

6.10 Allowances Required due to Structural Movement and Tolerance 

The movements summarised here are predicted maximum values and unless 

specifically noted otherwise are cumulative. Predicted differential movements 

between elements in the building can be derived from the movements described 

herein. 

6.10.1 Slab Movement and Tolerance 

This outlines the vertical slab movement and tolerance relative to supports, and 

breaks down the movement into key components. 
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Table 6.5 Breakdown of Vertical Slab Movement & Tolerance 
 

 

∆ Tolerance Description 

∆t Construction Tolerance Deviation from datum prior to formwork being struck 

 Movement Type Description 

∆1 Short term (elastic) deflection of 
structure self-weight only 

Movement occurs instantaneously under self-weight 
of structure loading upon removal of back props. 

∆2 Initial time dependant creep 
movement due to self-weight of 
structure (up to time of 
application of cladding) plus any 
construction loads 

Time dependent movement occurring between de-
propping and the installation of cladding. 

∆3 Deflection due to installation of 
the cladding system 

Deflection due to cladding installation – note for 
curtain wall facades, this component of deflection is 
taken out in cladding system adjustment during 
installation, and does not contribute to the 
movement “seen” by the cladding system. 

∆4 Short term (elastic) deflection 
due to superimposed dead loads 
(finishes etc.) + permanent 
proportion of live load 

Immediate sag due to superimposed dead loads 
and the proportion of live load that is always there 
(typically taken as 30% of Imposed load for 
residential) representing furniture etc. 

∆5 Remaining time dependant 
movement of quasi- permanent 
loads 

Time dependent creep movement that occurs due 
to dead and super-imposed dead loads less the 
short term creep movement that has already 
occurred as part of ∆2. Maximum movement is 
reached after approx. 30yrs. 

∆6 Elastic deflection of remaining 
(short term) live loads 
(recoverable) 

Elastic movement due to the short term (transient) 
imposed live loads (e.g. people). 
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Figure 6.4 Breakdown of Slab Deflections 

As described in previous sections, the design and detailing of the elements fixing onto 

the primary structure is controlled by the pre-fixing building movement (including 

construction tolerance), ∆initial  and post-fixing building movement, ∆incremental. The 

table below summarizes the movement combinations for the main trade items based 

on general construction practice. 

Table 6.6 Movement Combinations for Main Trade Items 

Trade Elements ∆ initial ∆ incremental 

External Cladding ∆t + ∆1 + ∆2 ∆3 + ∆4+ ∆5 

Internal Partitions ∆t + ∆1 + ∆2+ ∆3 ∆4+ ∆5 

 

6.10.2 Vertical Movements Relevant to External Cladding 

This section provides the vertical movement and tolerance conditions to be 

considered for the external cladding design. 
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Note: a negative sign denotes a decrease in differential displacement, while a positive 

sign denotes an increase. 

Figure 6.5 shows the slab movement to be considered where the cladding is to be 

fixed between adjacent floors. Construction tolerance is included within initial slab 

deflections. 

 

Figure 6.5 Edge Slab Deflection between Adjacent Floors (Robert Bird Group) 

 

Note: These deflections are consistent with the deflection limits set out in (Section 

6.10.1) 

The above accounts only for slab deflection, and does not include displacement of 

supports at transfer structures. Where transfer structures are present, effects should 

be considered on a case-by-case basis and will be affected significantly by where the 

cladding is fixed (plan and storey). Refer to (Section 6.10.1) for deflection information 

for transfer structures. 

Figure 6.6 below shows the condition where the ground floor slab experiences 

settlement and the Level 01 slab deflects at mid-span. A differential settlement occurs 
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between grids where different column load applies, and will be distributed linearly 

between the grids. With the upper level slab settling together with its foundations, the 

differential settlement between the grids will not have a significant effect on the floor 

to ceiling height. The width of the movement joint at ground level will be controlled by 

the deflection of the L01 slab. 

 

Figure 6.6 Ground Floor - Slab Edge Condition, (Robert Bird Group) 

The external brickwork façade will be primarily supported at each level, but in some 

cases it is anticipated that the façade will be supported on brackets every two storeys, 

as Eurocode 2 (2008) predicts. 

The supporting bracket shall be bolted onto the cast-in channel at the edge of the 

concrete slab. The vertical construction tolerance and the initial movement between 

the fixing levels will be accommodated by adjusting the fixing position along the 

bracket’s slot. The predicted incremental movement after building the brickwork 

determines the width of the horizontal movement joint under the supporting bracket. 
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Figure 6.7, below, illustrated the predicted initial (tolerance) and incremental 

movement to be considered in the brickwork supporting system design. 

 

Figure 6.7 Brickwork Façade Supporting at the Concrete Slab Edge 

6.11 Ceiling Zone Allowance for Slab Deflections 

The ceiling void is required to include an allowance for slab tolerance and deflection. 

It is assumed that the ceiling will be installed after the installation of all floor finishes, 

partitions and party walls. It is also assumed that the ceiling will be installed to a true 

level and that the slab will therefore be out of position due to the following: 

 Construction tolerance 

 Slab movements due to ∆1 + ∆2 + ∆3+ ∆4 
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 Slab movement due to creep affects up until the time of ceiling installation 

(circa six months after slab casting). 

This is summarised in Table 6.12. 

Table 6.7 Ceiling Void Allowance for Slab Movement and Tolerance, (Robert 

Bird Group) 

Movement Component Zone required 

Tolerance +/- 10 

Movement - 15 

Total - 25 

 

6.12 Structural Frame Construction Tolerance 

The following is based on the tolerances specified by the National Structural Concrete 

Specifications 4th Edition (NSCS 2010) section 10. Where tolerances have been 

modified from those specified by NSCS they have been highlighted in bold. 

6.12.1 Overall Structure 

 Inclination 

Location of any column, wall or floor edge, at any floor level, from any vertical plane 

through its intended design centre at base level in a multi-storey structure. 
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Figure 6.8 Inclination of Floor edge, Column and Walls 

 

Permitted deviation ∆ = the smaller of 25 mm or 𝐻/ (200 𝑛
1

2) 𝑚𝑚 

where 

h = free storey height in mm 

H = free height at location in mm = ∑ ℎ𝑖 in mm 

n = number of storeys where n > 1 

 Level 

Level of floors measured relative to the intended design level at the reference level. 

 

Figure 6.9 Design Level at the Reference Level 

Permitted deviation ∆ for: 
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H = < 10m   = 15mm 

10m < H < 100m = 0.5 (H+20) mm 

H >  = 100m  = 0.2 (H+20) mm 

where 

H = sum of the intended storey heights in m 

6.13 Elements – Columns and Walls 

The deviation or sum of any deviations of any individual element must not exceed the 

overall building structure tolerance given in (Section 6.13.1). 

Position of the element centre line relative to: 

 At base level, the intended design position. 

 At any upper level, the actual location of the element at the level below. 

 

Figure 6.10 Columns and Walls, Position on Plan 

Permitted deviation ∆ = 10 mm, where L = distance to centreline from grid line 

Inclination of a column or wall at any level in a single or multi-storey building is 

illustrated in Figure 6.11. 
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Figure 6.11 Vertically by Storey of the Structure 

Permitted deviation ∆ for: 

h <= 10 m ∆ the larger of 15 mm or h/400 

h > 10 m = the larger of 25 mm or h/600 

where 

h = height of element in mm 

Offset between floors is illustrated in Figure 6.12.  

 

Figure 6.12 Offset between Floors 

Permitted deviation ∆ = the larger of 10 mm or t / 30 mm, but not more than 20 mm 

where  

t = thickness in mm = (𝑡1=𝑡2) / 2 
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Curvature of an element between adjacent storey levels is shown in Figure 6.13. 

 

Figure 6.13 Curvature between Adjacent Floors 

Permitted deviation ∆ for: 

h <= 10m = the larger of 15mm or h / 400 

h > 10 m = the larger of 25 mm or h / 600 

where h = height of element in mm 

Level of adjacent floors at supports is shown in Figure 6.14. 

 

Figure 6.14 Curvature between Adjacent Floors, Side View 

Permitted deviation ∆ = 10 mm, where h = storey height in mm 

Distance between adjacent columns and walls, measured at corresponding points as 

shown in Figure 6.15. 
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Figure 6.15 Distance between Adjacent Columns and Walls 

Permitted deviation ∆ = the larger of 20 mm or L / 600 mm, but not more than 20 mm, 

where L = the distance between centrelines, in mm. 

6.14 Elements – Beams and Slabs 

Location of a beam to column connection measured relative to the column, as 

illustrated in Figure 6.16. 

 

Figure 6.16 Location of Beam to Column Connection 

Permitted deviation ∆ = the larger of 20 mm or b / 30 mm, where b = the dimension 

of a column in the same direction as ∆ in mm. 

Position of bearing axis of support when structural bearings are used, as shown in 

Figure 6.17. 
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Figure 6.17 Position of Bearing Axis of Support 

Permitted deviation ∆ = the larger of 15 mm or L / 20 mm where L = the intended 

distance from edge in mm. 

Figure 6.18 illustrates the horizontal straightness of beams. 

 

Figure 6.18 Straightness of Beams 

Permitted deviation ∆ = the larger of 15 mm or L / 600 mm, where L = the distance 

between supports. 

Distance between adjacent beams, measured at corresponding points is illustrated in 

Figure 6.19 below. 
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Figure 6.19 Distance between Adjacent Beams 

Permitted deviation ∆ = the larger of 20 mm or L / 600 mm but not more than 40 mm, 

where L = the distance between supports centre lines in mm. 

The difference in level across a beam or slab at corresponding points in any direction 

is illustrated in Figure 6.20 below. 

 

Figure 6.20 Inclination of Beams or Slab 

Permitted deviation ∆ = (10 + l / 500) mm, where L = span of element in mm. 

The level of adjacent beams measured at corresponding points is shown in Figure 

6.21 below. 
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Figure 6.21 Level of Adjacent Beams 

Permitted deviation ∆ = (10 + L / 500) mm, where L = the distance between support 

centrelines in mm. 

The position of the slab edge is illustrated in Figure 6.22 below. 

 

Figure 6.22 Position of Slab Edge 

Permitted deviation ∆ = 10 mm. 

6.15 Section Elements 

Application to beams, columns and other elements covering length, breadth and 

depth. 
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Figure 6.23 Cross-Section Beam, Colum and others Dimension of Elements 

Permitted deviation ∆ = 

L = 150 mm = 10 mm 

L = 400 mm = 10 mm 

L = 2500 mm = 20 mm 

With linear interpolation for intermediate values, where 𝑙1, 𝑙2 = intended dimensions. 

Applicable to beams, slabs, columns and other elements are illustrated in Figure 6.24 

below. 

 

Figure 6.24 Cross-Section Slab, Beam and others Dimension of Elements 

Permitted deviation ∆ = the larger of 10 mm or a / 25 mm, but not more than 20 mm 

where 

a = length in mm 
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6.16 Position of Reinforcement within Elements 

Gives the tolerance of cover to reinforcement within an element as shown in Figure 

6.25 below. 

 

Figure 6.25 Cross-Sectional of Cover Dimension of Elements 

Permitted deviation  ∆(𝑝𝑙𝑢𝑠) for 

h ≤ 150 mm = +10 mm 

h ≤400 mm = +15 mm 

h ≤ 2500 mm = +20 mm 

Permitted deviation ∆(min 𝑢𝑠)=10 mm 

where  

𝑐𝑚𝑖𝑛 = required minimum cover 

 𝑐𝑚𝑖𝑛 = nominal cover given on drawings 

∆ = permitted deviation from 𝑐𝑚𝑖𝑛 

H = height of cross-section 

For foundation and members in foundations, permitted plus – deviations may be 

increased by 15 mm. The given minus-deviations apply. 
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Figure 6.26 Length of Reinforcement Lap Joints 

Permitted minus-deviation ∆ = 0.06 L mm 

 

Figure 6.27 Location of Reinforcement and Ducts in Pre-stressed Elements 

 Anchorages 

Permitted location deviation ∆ 

= 25 mm horizontally 

= 5 mm vertically 

 Tendons 

Permitted location deviation ∆ 

Horizontal 

In beams = 0.03h (width) ≥ 5 mm = 30 mm 

In slabs = 150 mm 

Vertically 



226 
 

∆(𝑝𝑙𝑢𝑠) 𝑖𝑓 ℎ < 200 𝑚𝑚 =  +ℎ/40 

𝑖𝑓 ℎ < 200 𝑚𝑚 =  +15 𝑚𝑚 

∆(min 𝑢𝑠) 𝑎𝑙𝑙 ℎ =  −10 𝑚𝑚 

where  

h for vertical section = depth in mm 

h for plan section = width in mm 

y   =intended location in mm 

 

6.17 Surface Straightness 

In the Robert Bird Group specification and structural design analysis the following calculation has 

been certified 

6.17.1 Flatness  

The flatness of the surface of any element is illustrated in Figure 6.28 below. 

 

Figure 6.28 Flatness 

 Basic unformed surface (Cl. 8.6.2.1 of NSCS) 

Permitted global deviation ∆ = 12 mm 

Permitted local deviation = 5 mm 
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 Ordinary unformed surface (Cl. 8.6.2.2 of NSCS) 

Permitted global deviation ∆ = 9 mm 

Permitted local deviation ∆ = 3 mm 

 Ordinary surface (Cl. 8.6.1.2 of NSCS) 

Permitted global deviation ∆ = 9 mm 

Permitted local deviation ∆ = 5 mm 

 Plain surface (Cl. 8.6.1.3 of NSCS) 

Permitted global deviation ∆ = 9 mm 

Permitted local deviation ∆ = 3 mm 

6.17.2 Edge Straightness  

The straightness of the edge of a floor slab or element is shown in Figure 6.29 below. 

 

Figure 6.29 Edge Straightness 

Permitted deviation ∆ for 

L <1m = 8 mm 

L >1m = 8 mm/m, but no greater than 20 mm 
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Where L = length of edge 

6.18 Discussion of Allowable Tolerances 

This chapter specifies the allowable tolerances that the primary structural frame will 

be constructed to achieve, as well as describing the movements that the structure will 

experience during construction and the life of the building. 

This chapter is intended to analyse the allowable positional variation of the structure 

due to movement and construction tolerance, and to inform what structural 

movements need to be allowed for in follow-on trade-offs and interfaces. 

Section 2 of this chapter presents a summary of information regarding the scope of 

this study and about the buildings forming the MP1 scheme at Elephant & Castle, 

London. 

Section 3 sets out the construction and tolerance requirements that the frame 

contractor had built to. Reference is also required to the tolerance where this had 

been modified from those specified by Construct National Structural Concrete 

Specification for Building Construction NSCS (2010). The implications of the 

construction tolerances are discussed, along with project specific tolerance 

requirements. It is recorded that some of the NSCS construction tolerance allowances 

have been made more onerous for this project. 

Section 4 describes the loads that the structure is designed for, and how they cause 

the structure to move and deflect. Section 5 records the limitations of the movement 

assessment. 

Section 6 discusses pre-cambering and pre-setting. 



229 
 

Section 7 records the construction programme and construction sequence 

assumptions which have been made as part in the assessment of building 

movements. It is noted that different construction programmes and sequences will 

change the building movements. 

Usually, deterioration may be linked to water permeating the reinforced concrete, 

therefore the chances for this to occur may be reduced by considering good 

architectural requirements with sufficient drainage and protection of reinforced 

concrete sections.  

Permeability is an essential feature of the concrete section that has an effect on 

durability. In some cases, however, it is important to take into account chemical and 

physical influences that will cause the reinforced concrete section to decay. 

In concrete, a further necessary aspect of durability is the quality of protection that is 

applied to the reinforcement. Carbonation by weather may, in time, damage the 

alkalinity of the concrete surface, and if this expands the layer of reinforcement it may 

render the reinforcement steel vulnerable to corrosion due to the presence of oxygen 

and water. 

When a concrete mixture is made with a sound inert aggregate, damage may not 

happen in the absence of an external effect. Since concrete is an extremely alkaline 

material, its durability to other alkalines is quite reasonable, however, it is very 

sensitive to attack by chemical acids or material that readily decompose to produce 

chemical acids. Concrete mixtures produced with Portland cements, are therefore not 

appropriate for use in cases where it comes into direct contact with these materials, 

which include fats, milk and beer. 
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Several natural salts could also attack concrete mixture, the two most widely noted 

being soluble sulphates and calcium chloride. These interact with a small constituent 

of the hydration products in various manners. The chloride should be in intensified 

solution, when it has a solvent impact on the concrete mixture in addition to its further 

most notable behaviour in promoting the corrosion of steel. Sulphates are only 

required to exist in quite small quantities to produce internal expansion of concrete 

with consequent cracking and strength damage. 

Sulphates are the most common form of chemical attack issue for concrete mixtures 

because they will occur in sewage and groundwater. In such circumstances cements 

containing reduced elements of the vulnerable tricalcium aluminate, like sulphate 

resistant Portland cement, may be used. The addition of ground granulated blast 

furnace slag (GGBFS) or Pulverised Fuel Ash (Pfa) could also be advantageous. 

Both sulphates and chlorides are present in sea water, and therefore the chemical 

actions vary, resulting in decreased sulphate loss. In spite of the fact that if the 

concrete is of poor quality, extreme loss could occur from the interaction of soluble 

magnesium with the hydrated compositions, well-formed Portland cement shapes 

have nonetheless been shown to be able to endure sea water (salty water) over the 

long term. 

The problem of exposure classifications relevant to environmental situations is dealt 

with in detail in BS EN 206 (2013), BS 8500-1 (2015) and BS 8500-2 (2015) together 

with the provision of convenient concrete materials. BS 8500-2 (2015) recommends 

the exercise of a regulation of classification of the wide range of chemically extreme 

environments based on suggestions made by the UK Building Research 

Establishment (BRE Special Digest 1 2005). 
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In some circumstances liable to aggressive chemical attack Additional Protection 

Measures (APMs) such as determined surface protection, permeability formwork, site 

drainage or sacrificial layers could be suggested. 

Bearing in mind the physical attack of the reinforced concrete section may also be 

examined, this may occur due to attrition or abrasion as may happen in shingle or 

sand, and by dry and alternate wetting. The final influence is of more significance in 

marine structures close to the water surface, and leads to stress developing if the 

actions generated are restrained. In addition it may be possible for crystal growth to 

develop from the drying out of salty sea water in pores and cracks, and this may lead 

to more internal stresses, and eventually cracking. Alternate thawing and freezing 

could also be another reason for physical loss, especially in runway slabs and roads 

and also in some situations where water in cracks and pores may freeze and expand, 

then causing to spalling. 

It has been acknowledged that entrainment of a tiny percentage of air in the reinforced 

concrete section in the shape of tiny discrete bubbles gives the maximum effective 

protection against this types of attack. In spite of the fact that this reduction may 

reduce the strength of the reinforced concrete section, it is suggested by Eurocode 2 

(2008) that between 4.0 and 6.0 per cent by volume of entrained air may be included 

in reinforced concrete sections that are expected to be subjected to drying and wetting 

together with extreme frost. 

All these types of attack could be reduced by the production of a dense, well-cured 

concrete that is well-compacted with minimum permeability, thereby restricting loss 

to the surface area of the concrete section. Aggregates which can potentially react 

with the alkali matrix may be prevented or may be carefully controlled and limited, as 
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should those that exhibit abnormally high shrinkage characteristics. If this is done, 

permeability and then durability is influenced by: 

 degree of compaction 

 water cement ratio 

 degree of hydration of cement 

 aggregate form and density 

A low water cement ratio is important to control the voids caused by hydration, which 

should be well advanced with the help of good curing methods. BS EN 206 (2013) 

suggests minimum curing times considering ambient conditions, concrete 

temperature, and concrete strength development rate and exposure classification. In 

addition, there is a demand for non-pour aggregates which resist attrition, and for 

adequate compaction. It is important that the mix is examined to have appropriate 

workability for the conditions in which it is to be used, and for this preseasoning of the 

cement content of the mix should be reasonably high. 

BS EN 206 (2013) determines minimum cement contents for different exposure 

circumstances referring to cement types, in addition to the minimum strength and 

maximum water cement ratios which may be associated with minimum cover details 

as explained previously. 

The outcome of thermal impact on durability may not be underestimated or ignored, 

and high cement content may only be applied in conjunction with a required cracking 

assessment. A cement content of 550 𝑘𝑔 𝑚3⁄  is considered as an upper limit for 

common application. 

Given that such calculations are considered, and that appropriate cover of sound 

concrete is provided to the reinforcement, decay of concrete is improbable. Even the 
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surface concrete could be influenced, therefore, and the steel may keep protected by 

an alkaline concrete matrix which has not been carbonated by the weather conditions. 

When this cover breaks down and chemicals and water can reach the reinforced steel, 

corrosion, rusting and consequent expansion cause sudden cracking and spalling of 

the cover concrete and can eventually cause serious damage, both visually and 

structurally, in some circumstances.  

Steel and concrete in the shape of reinforcement or prestressed tendons offer 

reduced strength after being exposed to high temperatures. In spite of the fact that 

concrete has low thermal conductivity, and therefore good resistance to temperature 

rise, the strength starts to decrease significantly at temperatures above 300 °C and it 

has an inclination to spall at high temperatures. The range of this spalling is controlled 

by the type of aggregate, with siliceous materials being quite susceptible, whereas 

calcareous and lightweight aggregate concrete are only affected to a small extent. 

Steel reinforcement may retain around 50 % of its ordinary strength after reaching 

around 550 °C, however in case of prestressing tendons the corresponding 

temperature is 400 °C. 

Thence as the temperature increases heat is transferred to the inner part of a concrete 

section, with a thermal tendency established in the concrete section. This tendency 

may be influenced by the region and mass of the section and the thermal properties 

of the concrete section, and will cause expansion and loss of strength. Considering 

the thickness and nature of cover, steel may increase in temperature and lose 

strength, hence causing deflections. Therefore, design should be aimed at supplying 

and maintaining sound cover of concrete as a protection, in order to delay the 

temperature increase in the reinforcement. The creeds, the presence of plaster and 
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other non-combustible finishes supports the cover protecting the reinforcement and 

could be considered in the plan. 

Eurocode 2 (2008) indicates tabulated values of minimum dimension and covers for 

different forms of concrete section that are important to allow the section to resist high 

temperatures for a specified period of time. These tabulated values, which have been 

previously presented for siliceous aggregates will be considered sufficient for most 

usual cases. The period that a section is required to resist, both in regard to the 

strength in linkage to action loads and the inclusion of high temperature, may rely on 

the form and purpose of the building and minimum details are usually given by 

building regulations. Prestressed reinforced concrete sections may be examined 

separately in view of the grown vulnerability or the prestressing reinforced steel. 

The detailing for the durability and serviceability limit state have been previously 

presented extensively, thus this paragraph is a short review of the elements that apply 

to the design and requirements of slabs. In spite of the fact that this paragraph is a 

summary at the end of the chapter it may be underlined that the design for the 

durability and serviceability limit states is just as necessary as the design for the 

ultimate limit state. Failures of buildings at the ultimate limit state (ULS) are frankly 

quite rare but may get a lot of publicity, whilst damage caused by serviceability and 

durability are much more widespread during the life of a structure and they may easily 

cause eventual structural damage or be one of the main causes of such damage. In 

addition poor examination and calculation may be the cause of damage such as 

damage to glass, windows and finishing, and disfigurement of the doors and floors 

and thus reduced working life. 
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Sufficient concrete cover to all the steel bars is crucial to avoid ingress of moisture 

and corrosion of the reinforced bars with resultant spalling and staining of the 

reinforced concrete. Cover of the concrete section is likewise needed for fire 

resistance. The requirement and the sizing of the steel bars and stirrups may take 

into account the dimensional tolerances during bending and fabrication of the 

reinforced cages so as to maintain needed concrete cover. 

The minimum and maximum spacing of the reinforced bars may meet the 

specification in Eurocode 2 (2008) so that there is wide room for the flow and 

compaction of the concrete, however the gap should not be so large that there is a 

lack of resistance to cracking of the concrete caused by settlement, thermal 

movement and shrinkage. 

For the same reason, the detailing for minimum and maximum percentage of steel in 

concrete sections needs to be examined. 

6.9 Summary 

The slab must be sufficiently stiff to avoid excessive deflections that may cause 

cracking of such features as partitions, glazing and floor finishes. This is quite 

common with long span slabs and beams or cantilevers. For beam sections, it is not 

important to work out required deflection calculations. Eurocode 2 (2008) 

recommends relationships and basic span-to-depth ratios to meet this requirement. 

Compression reinforced bars in the compression area of the span slabs, beams and 

cantilevers assist in resisting the long-term deflections caused by creep. 

Many of the more commonly used relationships and tables to meet the requirements 

of Eurocode 2 (2008) are more fully presented. 
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Adequate working practices and quality control on the construction site are also 

necessary to guarantee such features are accurately examined and designed for in 

concrete mixes, ensuring the formwork is fixed and reinforcing bars with compaction 

and curing of the concrete and sufficient placement. 
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CHAPTER SEVEN: Discussion and Conclusions   

In this thesis, the behaviour of restrained concrete slabs under load has been 

investigated. The focus of the research is the establishment and comparison of the 

serviceability limit state. 

7.1 Aims of the Study 

This research aims to provide a better understanding of reinforced concrete slab 

deflection. 

This research aims to document the deflection of a concrete slab in a large residential 

building. The intention is to note any serviceability issues and to compare design 

models and assumptions with reality. 

7.2 Deflection Limits 

Limits on deformation were set many decades ago, when the forms of construction, 

partitions, finishes, cladding and service were very different from what they are now. 

It is possible, therefore, that the current limits are too conservative. In order to justify 

change, and enable more sustainable and economic designs, knowledge of the 

background to current limits and of current performance is needed. Part of that is to 

review the span-to-depth method of design. 

Current design limits on deformation, such as Eurocode 2 are based on limits set 

many decades ago in ET ISO 4356 -1977 (2012), when the forms of construction, 

partitions, finishes, cladding, and services were very different to what they are now. It 

is possible, therefore, that the current limits are too conservative, and more research 

is thus needed to understand current performance in order to enable more 

sustainable and economic designs. 
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7.3 Methods of Controlling Deflection and Achievements 

This research reviews the derivation of a technique for controlling deflections in the 

design of reinforced concrete slabs by using ratios of span to effective depth. This 

study shows how more current research permits considerable simplification of the 

original proposals while increasing their general accuracy. 

The achievements of this research are: 

 Obtained new accurate deflection data from a commercial building site, using 

various methods, including Hydrostatic Cells Levelling (HCL) and Precise 

Levelling. 

 Compering Hydrostatic Cells Levelling (HCL) and Precise Levelling results with 

(Bentley & Etabs) design software. 

 Calibrated the Eurocode 2 rigorous method. 

7.4 Contributions of the Study 

The contribution of this research is answering the most fundamental deflection 

questions as below 

 What are the traditional L/250 and L/500 deflection limits values based on? 

Current design limits on deformation, such as Eurocode 2 are based on limits 

set many decades ago in ET ISO 4356 -1977 (2012). 

 These values still adequate for modern structures according to site 

investigation of this research. 

Site investigation and testing theory through observation and data collection was the 

main objectives of this research. 
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The appearance and usual utility of the building may be adversely affected when the 

computed sag of a beam, slab or cantilever subjected to quasi-permanent actions 

exceeds span/250. The sag is estimated close to the supports. Precamber could be 

considered to compensate for some or all of the deformation, but any upward 

deformation incorporated in the formwork could not usually exceed span/250. 

Deformations that may damage adjacent parts of the building should be limited. For 

the deformation after construction, span/500 is generally an adequate limit for quasi-

permanent actions. Other limits could be taken into account, relying on the sensitivity 

of adjacent parts.  

The limit state of deflection could be examined by either: 

 Limiting the span/depth ratio, or 

 Comparing a calculated deflection with a limit value 

7.5 Limitations 

The actual deflections may vary from the calculated values, especially if the values of 

the moments used are relative to the calculating moment. The variation may rely on 

the dispersion of the material properties, on the environmental circumstances, on the 

action record, on the reinforcements at the supports and ground situation. 

Determining deflections are usually presented as span/250 for overall deflection, and 

for deflection after non – structural installation, the determining deflection is span/500. 

Realistically, the codes set ultimate limitations but achieving the span/250 limitation 

is Eurocodes’s objective. Hence, modular construction may demand accurate 

measurements and estimates of deflection. 
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The grillage and finite element methods are generally considered to be functional 

methods to obtain actual values of deflections. Limiting quasi–permanent / long-term 

deflection to span/250 is normal unless a specific demand is required, but if cladding 

or brittle partitions are being supported, control of the motion is set to span/500. In 

such circumstances it is necessary to execute a supplementary programme to 

estimate deflection values. 

Technical Report no.67 (2008) recommends the shortening of a panel of columns 

(various concrete strengths and restraint percentages) and concludes that an ultimate 

shortening of 1.4mm/m is possible, for instance 4 – 5 mm in a typical structure height. 

The report indicates that it is hard to reduce the shortening considerable. A better 

technique is to limit the differential shortening by calculating all reinforced concrete 

columns to the same standard, and by conserving long obvious spans between 

various structural shapes, for instance  between interior reinforced concrete columns 

and shear walls and cores on the one side and perimeter concrete columns on the 

other.  

7.6 Standard Code of Design 

Standard codes of design rules concentrate on structure to withstand externally 

applied actions, deriving the restraint needed to withstand axial actions, shear 

stresses and bending moments. Many reinforced concrete sections, however, are 

lightly loaded or are influenced especially by other loads, such as early-age 

shrinkages, creep, temperature and humidity effects and long-term drying shrinkage. 

These all produce movements, and although they hardly define the total capacity they 

do affect serviceability, especially through cracking. The Technical Report no.67 

takes into account the different forms of movement and their constriction time. 
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Any deflection or cracking is generally at least the outcome of temperature and 

shrinkage added to early-age effects, and predominantly with assistances from other 

origin. The significant of movement is very dependent on whether it is reinforced or 

not; all reinforcement is partial as reinforcements will normally apply under the 

significant stresses that may be produced. In addition, creep is useful in decreasing 

the stresses generated by reinforcement, particularly at early ages. The probability of 

cracking occurring is hard to estimate, and the technique suggested by the Report is 

to predict that cracks will develop and to apply adequate restraint to control them. 

7.7 Monitoring Slab Deflection 

The Hydraulic Cell Levelling System monitoring vertical movement and temperature 

at Elephant and Castle site were removed from the block HC10 third floor slab in early 

January 2016 after 142 days of observing deflection on the slab using eight cells. 

The result of deflections and temperatures are demonstrated in Figures and graphs 

supported with Finite Elements models.  

The data indicate that the slab has not sagged much due to the back propping for 30 

days. It does seem, however, that the slab was sloping down from the corner by 6 

mm diagonally across the 12m bay due to column shortening.  

A margin of deflection around 2 mm occurred, especially in the mid-span of the slab 

12 x 7 m corner bay in block H10C, particularly on cell no. 6 and cell no. 7, the 2 mm 

deflection occurred at the beginning of the investigation after back propping the 

reinforced concrete corner  bay slab. The back propping was applied seven days after 

pouring the slab. 

The slab monitoring started from a very early stage in the casting when the slab was 

still wet. The Hydraulic Levelling Cells were positioned under the slab while the 
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workers were pouring the rest of the 3rd floor on the top. The indication suggests that 

the slab has been deformed by 2 mm, and it can be seen that the deflection started 

developing very slowly. Starting from 0 mm to 0.51 mm, and then by day 142 ending 

up with 2 mm. 

7.8 Lessons Learnt 

Deformations that may damage adjacent parts of the building could be limited. For 

the deformation after construction, span/500 is generally an adequate limit for quasi-

permanent actions. Other limits could be considered, relying on the sensibility of 

adjacent parts.  

 Personal lessons learnt as a researcher: as researcher patience developed as 

a motivation and encouragements though out research period. 

 Lessons learnt in contacting research: developed technique and methodology 

in order to link and contact research purposes, thought out data collection on 

construction site and writing thesis development. 

7.9 Future Work and Recommendations  

The material properties need to be confirmed and tested to determine time dependent 

deflection. This cannot be considered as an effective alternative, however: structural 

engineers rarely have the time or the inclination for long term laboratory tests. 

Moreover, it is not guaranteed that the concrete material used on the construction site 

is the same as the test sample used in the laboratory. In fact, the computed deflection 

property of concrete is more often larger than the actual property, with coefficients of 

difference of more than 20 per cent sometimes. Hence, a probabilistic approach is 

needed in construction design to obtain better concrete properties, and the outcome 

of such methods needs to be considered. 
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Serviceability limitations for deflection in respect to pre-stressed and reinforced slab 

structures may be defined using several methods, from cracking control according to 

various codes of design and deflection limitation using either simple, or more 

advanced and refined methods. When designing methods to calculate serviceability 

in concrete slab buliding it is important to include the effect of shrinkage and creep on 

structures. In addition, a clearer understanding of concrete slab behaviour may be 

obtained from advanced analytical methods, for instance using deferent methods to 

monitor deflection on concrete slabs  

7.10 Conclusions 

The conclusions of the site investigation are that the Eurocode 2 tabulated deflection 

values and calculation methods are acceptable, and the span-to-depth ratio method 

is adequate to calculate the deflection. The thickness of the slab can be reduced, 

however, and the amount of reduction needs to be studied very carefully by using 

various methods to calculate deflection of concrete slabs and this could itself be a 

research topic. 

The contribution of this study is that the Current Performance and the Design 

Deflection Limits to the Eurocode 2 calculations and tabulated values are acceptable. 

It is highly recommended that this research project should continue by using different 

methods and techniques to investigate and calculate the deflection on reinforced 

concrete slabs for longer periods of 1-3 years. It is possible that if the investigation is 

carried out for longer by using various equipment and methods, this will give more 

data instead of using the Hydraulic Cell Levelling system only. 

The research is carried out using a comparison study between various methods of 

deflection calculation and site investigation results to obtain the final outcome of 
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Current Performance and the Design Deflection Limits to the Eurocode 2 from 

different methods. 

Design can be made to accommodate the deflection of structural members without 

causing damage to partitions of finishes. The problem can be tackled by considering 

immediate and long-time deflections separately. 

Many techniques and methods of deflection calculation have been reviewed and 

studied carefully for each case. The effect of cracking on reinforced concrete flat slabs 

has been examined and reviewed closely. 

Site investigation measurements for determining and controlling deflection of flat 

slabs have been reviewed and examined. 

Various design code limitations have also been covered and evaluated in respect to 

deflection control. 

The deflection of a section or building may not be such that it adversely affects its 

appearance or adequate performance. Appropriate limiting values of deformation 

considering the type and shape of the structure, of the finishes, partitions and fixings 

and upon the purpose of the structure may be determined. 

Deflections must not exceed those that may be accommodated by other connected 

sections such as partitions, glazing, cladding, services or finishes. For instance, 

limitation could be demanded to ensure the proper operation of machinery or 

equipment supported by the building, or to prevent ponding on flat roofs. 

The limiting deformation expressed below are derived from ISO 4356 - 1977 (2012) 

and may usually result in acceptable performance of structures such as dwellings, 
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offices, public structures or factories. Care may be considered to guarantee that the 

limits are adequate for the specific building and that there are no special demands. 

The appearance and usual utility of the building may deteriorate when the computed 

sag of a beam, slab or cantilever subjected to quasi-permanent actions exceeds 

span/250. The sag is estimated close to the supports. Precamber could be considered 

to compensate for some or all of the deformation, however any upward deformation 

incorporated in the formwork should not usually exceed span/250. 

Deformations that may damage adjacent parts of the building could be limited. For 

the deformation after construction, span/500 is generally an adequate limit for quasi-

permanent actions. Other limits could be taken into account, relying on the sensibility 

of adjacent parts.  

The limit state of deflection could be examined by either: 

 Limiting the span/depth ratio, or 

 Comparing a calculated deflection with a limit value 

The actual deflections may vary from the calculated values, especially if the values of 

used moments are relative to the calculating moment. The variation may rely on the 

dispersion of the material properties, on the environmental circumstances, on the 

action record, or on the reinforcements at the supports and ground situation. 

Any deflection or cracking is generally at least the outcome of temperature and 

shrinkage added to early-age effects, and often with contributions by other factors. 

The significance of movement is very dependent on whether it is reinforced or not; all 

reinforcement is partial as reinforcements will normally apply under the significant 

stresses that may be produced. In addition, creep is useful in decreasing the stresses 
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generated by reinforcement, particularly at early ages. The probability of cracking 

occurring is very hard to estimate, and the technique suggested by the thesis is to 

predict that cracks will develop and to apply adequate restraint to control them. 

Generally, the first method (the permissible stress method) is no longer in use, 

although it remains a useful and simple method. Due to serious inconsistencies and 

based on distribution of elastic stress, this method is not applicable for concrete which 

is considered a semi-plastic material, nor is it usable if the deformations and loads 

are not proportional as in slender columns. In addition, the permissible stress method 

has been found to be unsafe in terms of stability of the structures, when the structures 

are under overturning loads. 

In the second method (the load factor method), use of the material’s ultimate strength 

is considered in the calculation. No safety factor is applied in this method to the 

material stresses, also it has no ability to consider the material’s variability and, most 

importantly, this method cannot be recommended for calculating the cracking and 

deflection at actual load. As a result, this method also been superseded by more 

effective and moderate methods of limit state design. 

The third method (the limit state design) is more popular and widely adapted within 

Europe because it overcomes the disadvantages of the two previous methods (the 

permissible stress method and the load factor method) by applying the safety partial 

factors to the loads and to the strengths of the material. In addition, the bulk of the 

factors could be diversified to be applied either in the ultimate state with the plastic 

status or at working load with the further range of elastic stress. It is important for 

such flexibility to obtain the full benefits from concrete’s improvement and the 

properties of steel. 
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The objective of design is to achieve acceptable probabilities, that a building may not 

become unsuitable for its purposed use: that is, that it may not achieve a limit state. 

Any way in which a building may cease to be comfortable for use may constitute a 

limit state and the structure’s aim is to avoid any such situation being achieved 

throughout the expected life of the building  

Structures should have ability to withstand any collapse that may occur due to load 

actions and activities. The design should ensure the health and safety of the 

structure’s occupants. The likelihood of overturning and buckling has to be considered 

in the design structure, as well as internal forces, such as explosions. 

The most significant serviceability limit states can be described as: 

 Deflection, the comfort of the structure users should not be adversely affected 

nor should the appearance or the efficiency of partitions and any other part of 

the structure be adversely affected 

 Cracking, the efficiency, appearance and the structure’s durability should not 

affected by the damage caused by cracking 

 Durability, in terms of the expected life of the structure and the structure’s 

conditions of exposure. The durability has to be considered in design limits. 

The limit states may also include: 

 Fatigue, which needs to be taken into account if there is any possibility of 

cyclic loading 

 Excessive vibration, which must be considered to avoid any discomfort that 

may cause damage and alarm 
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 Fire resistance, should be taken into account in terms of flame penetration, 

heat transfer and resistance to collapse 

 Particular conditions; any other special circumstances may apply to the 

structures that are not included by other common limit states; for instance, 

seismic loads should be considered in design on demand 

The proportional significance of any limit state may vary depending on the shape and 

form of the structures. The normal process of structural design is to identify which 

limit state is the crucial procedure for a specific structure to design for, since the 

demands of fire resistance and durability may affect the initial size of members and 

the selection of the right concrete class. In addition, all other pertinent limit states 

should be checked to ensure all limit states are satisfied by the outcomes obtained. 

Water retaining structures are excluded as a special cases, however, and hence the 

ultimate state is normally critical for concrete reinforcement in spite of subsequent 

checks of serviceability which may influence details of the structural design.  

Generally, the design of prestressed concrete depends on the conditions of 

serviceability and ultimate limit state design. It is important to consider all possibilities 

of variable parameters to assess a specific limit state, such us material strength, all 

constructional tolerances and all loads for the structure. 

This study evaluated column shortening in mid-rise reinforced concrete multi-story 

building, with focus on the effects of ambient temperature, relative humidity, cement 

hardening speed and aggregate type. The study approach used The Concrete Centre 

model for column shortening prediction produced insightful results.  

The results indicate that the impact of the temperature on the total net shortening of 

columns need to be considered as negligible compared to that of the various factors 



249 
 

suggested. Nonetheless, to reduce the shortening of the columns in the study, 

observation should be given to the erection of the structure in warmer weather when 

possible.  

This study also states that the overall net shortening of columns can be reduced by 

20% to 10% in 12-and 24-storey structures by increasing the relative humidity from 

50% to 80%. Additionally, cement hardening speed can be taken in to account as 

insignificant for structures up to 24-storey. However, in the case of a 12-storey 

structures, the impact of cement type on total net column shortening becomes 

essential.  

Finally, the results also suggest that the aggregate type used when compared with 

the other factors considered has the most essential effect on column shortening. 

Changing the aggregate type can change the shortening by 27% with an ambient 

temperature of 5°C and 29% with an ambient temperature of 30°C. 

The results of this study indicate that environmental factors that are the least 

controllable have less significant effect on column shortening. Column shortening can 

be significantly reduced by modifying controllable parameters such as the cement and 

aggregate types. 
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Appendix B 

Eurban Structural CLT Tolerances 

TOLERANCE GUIDANCE 

MANUFACTURING TOLERANCES 

Manufacturing tolerances can be assumed to be as follows: 

manufactured 

components 

overall panel length ± 3 mm 

overall panel width ± 3 mm 

overall panel thickness ± 1 mm 

position and size of cuts / cut outs to panel ± 5 mm 

position and size of openings within panel ± 5 mm 

 

BUILD TOLERANCES 

For clarity and ease of reference, the Eurban build tolerances has been summarised 

below: 

building overall plan dimension, L < 30m ± 20 mm 

overall plan dimension, L > 30m ± 20 mm + 0.25(L-30) 

mm 
overall height dimension, L <30m ± 20 mm 

overall verticality ± 25 mm 

walls and columns space between walls and columns up to 

7m apart 

± 24 mm 

straightness in 5m ± 6 mm 

abrupt changes across joints - visual 

grade panels 

± 3 mm 

abrupt changes across joints - non-visual 

grade panels 

± 5 mm 

verticality up to 7m high ± 14 mm 

plan position relative to nearest reference 

line 

± 15 mm 

beams and floors level variation from target plane ± 20 mm 

straightness in 6m ± 10 mm 

level variation across 5m ± 10 mm 

abrupt changes across joints - visual 

grade panels 

± 3 mm 

abrupt changes across joints - non-visual 

grade panels 

± 5 mm 

openings plan position relative to nearest reference 

line 

± 10 mm 

elevation position relative to nearest 

reference line 

± 15 mm 

structural opening height up to 3m ± 11mm 

structural opening width up to 3m ± 10mm 
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Appendix D 

Certificate of Mix Design 
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Appendix E 

Slab Pouring Date H10C 
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Appendix F 
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Appendix G 

Site Observation Record 
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Appendix H 

In Summary: 

 

Calculation Sheet no.1 
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Location        % of Design strength 

First Floor:        %  CEM I CIIIA 50% 

GGBS 

First Floor, 250mm Slab, Zone-03 (ACCESS)   53  1to2    4 

First Floor, 350mm Slab, Zone-16 (PLANT)   39  1to2            

2to3 

First Floor, 250mm Slab, Zone-01 (RESIDENTIAL)  70  4.00            

7to8 

 

Second Floor: 

Second Floor, 800mm Slab, Zone 01 (RESIDENTIAL) 40  1to2    3 

Second Floor, 800mm Slab, Zone 03 (ACCESS)  40  1to3    3 

Second Floor, 700mm Slab, Zone 01 (RESIDENTIAL) 40  1to4    3 

 

Third Floor + Typical Floors: 

Third Floor, 225mm Slab, Zone-01 (RESIDENTIAL)  61  2to3    5 

Third Floor, 200mm Slab, Zone-09 (GREEN ROOF)  33  1to2            

2to3 

Eighth Floor, 250mm Slab, Zone-06 (TERRACE)  49  1to2           

3to4 
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Roof: 

Roof, 250mm Slab, Zone-12 (ROOF)    53  1to2    4 

 

Calculation Sheet no.2 
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First Floor, 250mm Slab, Zone-03 (ACCESS) 

Determination of Strength for early striking of flat slabs having thickness 350mm or 

less (Based on Early Striking and improved backpropping for efficient flat slab 

construction practice guide by British Cement Association 2001) 

Self-weight of slab: 

Total thickness of concrete (mm)   = 250    A = 6.00 𝑘𝑁/𝑚2 

Construction load (𝑘𝑁/𝑚2)   = 1.5    B = 1.50 𝑘𝑁/𝑚2 

(Allows for falsework to slab above and / or limited storage of materials) 

Design Working load: 

Imposed Dead     = 2.0 

Imposed Live     = 3.0    C = 5. 𝑘𝑁/𝑚2 
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Calculation Sheet no.3 
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First Floor, 350mm Slab, Zone-16 (PLANT) 

Determination of Strength for early striking of flat slabs having thickness 350mm or 

less (Based on Early Striking and improved backpropping for efficient flat slab 

construction practice guide by British Cement Association 2001) 

Self-weight of slab: 

Total thickness of concrete (mm)   = 350    A = 8.40 𝑘𝑁/𝑚2 

Construction load (𝑘𝑁/𝑚2)   = 1.5    B = 1.50  𝑘𝑁/𝑚2 

(Allows for falsework to slab above and / or limited storage of materials) 

Design Working load: 

Imposed Dead     = 1.5 

Imposed Live     = 7.5    C = 9.00  𝑘𝑁/𝑚2 
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Calculation Sheet no.4 
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First Floor, 250mm Slab, Zone-01 (RESIDENTIAL) 

Determination of Strength for early striking of flat slabs having thickness 350mm or 

less (Based on Early Striking and improved backpropping for efficient flat slab 

construction practice guide by British Cement Association 2001) 

Self-weight of slab: 

Total thickness of concrete (mm)   = 350    A = 8.40 𝑘𝑁/𝑚2 

Construction load (𝑘𝑁/𝑚2)   = 1.5    B = 1.50  𝑘𝑁/𝑚2 

(Allows for falsework to slab above and / or limited storage of materials) 

Design Working load: 

Imposed Dead     = 2.4 

Imposed Live     = 1.5    C = 3.90  𝑘𝑁/𝑚2 

 



318 
 

 

Calculation Sheet no.5 
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Second Floor, 800mm Slab, Zone 01 (RESIDENTIAL) 

Early Striking, Using Sadgrove's Relationship: based on CRIA Report (CIRIA REP 

136 1995) 

Self-weight of slab: 

Total thickness of concrete (mm)   = 800    A = 19.2 𝑘𝑁/𝑚2 

Construction load (𝑘𝑁/𝑚2)   = 1.5    B = 1.50  𝑘𝑁/𝑚2 

Design Working load: 

Self-Weight      = 19.2 

Imposed Dead     = 2.4 

Imposed Live     = 1.5    C = 3.90  𝑘𝑁/𝑚2 

Striking load as a proportion of design load = A + B / C =  0.90 
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Calculation Sheet no.6 
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Second Floor, 800mm Slab, Zone 03 (ACCESS) 

Early Striking, Using Sadgrove's Relationship: based on CRIA Report (CIRIA REP 

136 1995) 

Self-weight of slab: 

Total thickness of concrete (mm)   = 800    A = 19.2 𝑘𝑁/𝑚2 

Construction load (𝑘𝑁/𝑚2)   = 1.5    B = 1.50  𝑘𝑁/𝑚2 

Design Working load: 

Self-Weight      = 19.2 

Imposed Dead     = 2.0 

Imposed Live     = 3.0    C = 24.2  𝑘𝑁/𝑚2 

Striking load as a proportion of design load = A + B / C =  0.86 
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Calculation Sheet no.7 
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Second Floor, 700mm Slab, Zone 01 (RESIDENTIAL) 

Early Striking, Using Sadgrove's Relationship: based on CRIA Report (CIRIA REP 

136 1995) 

Self-weight of slab: 

Total thickness of concrete (mm)   = 700    A = 16.8 𝑘𝑁/𝑚2 

Construction load (𝑘𝑁/𝑚2)   = 1.5    B = 1.50  𝑘𝑁/𝑚2 

Design Working load: 

Self-Weight      = 16.8 

Imposed Dead     = 2.4 

Imposed Live     = 1.5    C = 20.7  𝑘𝑁/𝑚2 

Striking load as a proportion of design load = A + B / C =  0.88 
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Calculation Sheet no.8 
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Third Floor, 225mm Slab, Zone-01 (RESIDENTIAL) 

Determination of Strengh for early striking of flat slabs having thickness 350mm or 

less (Based on Early Striking and improved backpropping for efficient flat slab 

construction practice guide by British Cement Association 2001) 

Self-weight of slab: 

Total thickness of concrete (mm)   = 225   A = 5.40 𝑘𝑁/𝑚2 

Construction load (𝑘𝑁/𝑚2)   = 1.5    B = 1.50  𝑘𝑁/𝑚2 

(Allows for falsework to slab above and / or limited storage of materials) 

Design Working load: 

Imposed Dead     = 2.4 

Imposed Live     = 1.5    C = 3.90  𝑘𝑁/𝑚2 
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Calculation Sheet no.9 
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Third Floor, 200mm Slab, Zone-09 (GREEN ROOF) 

Determination of Strength for early striking of flat slabs having thickness 350mm or 

less (Based on Early Striking and improved backpropping for efficient flat slab 

construction practice guide by British Cement Association 2001) 

Self-weight of slab: 

Total thickness of concrete (mm)   = 200   A = 4.80 𝑘𝑁/𝑚2 

Construction load (𝑘𝑁/𝑚2)   = 1.5    B = 1.50  𝑘𝑁/𝑚2 

(Allows for falsework to slab above and / or limited storage of materials) 

Design Working load: 

Imposed Dead     = 4.5 

Imposed Live     = 3.0    C = 7.50  𝑘𝑁/𝑚2 
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Calculation Sheet no.10 
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Eighth Floor, 250mm Slab, Zone-06 (TERRACE) 

Determination of Strength for early striking of flat slabs having thickness 350mm or 

less (Based on Early Striking and improved backpropping for efficient flat slab 

construction practice guide by British Cement Association 2001) 

Self-weight of slab: 

Total thickness of concrete (mm)   = 250   A = 6.00 𝑘𝑁/𝑚2 

Construction load (𝑘𝑁/𝑚2)   = 1.5    B = 1.50  𝑘𝑁/𝑚2 

(Allows for falsework to slab above and / or limited storage of materials) 

Design Working load: 

Imposed Dead     = 2.5 

Imposed Live     = 3.0    C = 5.50  𝑘𝑁/𝑚2 



330 
 

 

Calculation Sheet no.11 
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Roof, 250mm Slab, Zone-12 (ROOF) 

Determination of Strength for early striking of flat slabs having thickness 350mm or 

less (Based on Early Striking and improved backpropping for efficient flat slab 

construction practice guide by British Cement Association 2001) 

Self-weight of slab: 

Total thickness of concrete (mm)   = 250   A = 6.00 𝑘𝑁/𝑚2 

Construction load (𝑘𝑁/𝑚2)   = 1.5    B = 1.50  𝑘𝑁/𝑚2 

(Allows for falsework to slab above and / or limited storage of materials) 

Design Working load: 

Imposed Dead     = 3.5 

Imposed Live     = 1.5    C = 5.00  𝑘𝑁/𝑚2 
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Calculation Sheet no.12 
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Appendix I 

Hydrostatic Cell Levelling 

1 Introduction  

The Getec liquid levelling system detects the changes in hydrostatic pressure relative 

to a reference cell which is located out of the zone of influence. This change is used 

to calculate the vertical deformations. 

Getec Hydrostatic Levelling Cells provide an accurate and near real time method to 

measure vertical movements. 

2 Work Introduction and Specification 

The cells are manufactured by Getec AG.  Both measurement and reference cells 

were used. The small size of the measuring device (about 10 cm) versus traditional 

liquid level gauge systems (50 cm) allows for a more discreet installation.  Table 1 

shows the technical data. 

Table 1 Technical Data 

 Technical Data 

          Measuring range ( typical)           200mm to 500 mm 

          Resolution           0.02 mm 

          Linear           ≤ 0.2 mm 

          Stability           0.2 mm per year 

          Operating Temperature           -20°C to 80°C 

          Compensated Range           0°C to 50°C 
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3 Principle of Measurement 

The Getec hydrostatic levelling system pressure transmitter measures pressure 

differences compared against a reference measuring point as illustrated in Figure 1. 

The sensor is energised and the output measured in Millimetre Ampere (mA). This 

analogue value is converted to a height difference in engineering units using a unique 

linear factor generated during cell calibration and supplied by the manufacturer. The 

reference level is defined by the liquid horizon in a header tank. All the measuring 

points are connected to the header tank via a tube and therefore to the reference 

level. Because the header tank is not linked to the measuring circuit, changes in the 

level of the liquid (liquid losses, changes in barometric pressure and temperature) 

have no influence on the measurement results. 

The pressure transmitters were available in different measuring ranges from 10cm up 

to 10m and different sensors can be combined in one system. Eight sensors were 

used in the investigation. Sets of cells were been linked to each other via a small hole 

drilled through the party wall. The movement monitored by the cells was relative only:  

absolute values were derived by monitoring externally. 

 

Figure 1 Principle of Operation 
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4 Range and Accuracy 

An actual accuracy of ±0.3 mm was achieved. Although the range is dependent on 

sensor type, typically instruments with a range of 500 mm were used. 

5 Logging System and Power Requirements 

The logging system was microprocessor based. Eight sensors were connected to a 

multiplexor, and numerous multiplexors could be connected to a single data logger, 

depending on site constraints. Each data logger required a 240 VAC supply. With 

permission, this was taken from the building supply. Sensors required a 24 VDC 

supply, usually via a suitable 240 VAC to 24 VDC transformer. If a suitable 240 VAC 

supply was not available, an un-switched fused spur was installed by a suitably 

qualified electrician. The data were then uploaded from the data logger to the Grout 

Control server at regular intervals via a cellular network and were also stored on a 

hard drive. Power consumption was between 20 to 25 watts an hour.  This equated 

to between £0.06 and £0.075 a day based on £0.125 per kW/h. 

6 Data Format 

Data were stored in the following format as illustrated in Figure 3.9 Chapter Three; 

Logger id: date: time: sensor id: raw reading: temperature reading: engineering unit. 

These data were stored on the Grout Control server. 

7 Typical Installation Methodology 

7.1 Sensors 

The sensors were installed using 2 or 48 mm expanding anchor bolts of a suitable 

length dependent on the material they are being fixed to. If expanding anchor bolts 

would not hold because of the friable nature of the fixing medium, a 10 mm diameter 
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hole was drilled, the hole cleaned out with a puffer bottle and Hilti Hit HY 50 adhesive 

and 8 mm threaded studding used. Any supplementary bracket required for the 

installation of the sensors was provided by Hayward Baker during the installation 

process. The reservoir was mounted in the same fashion. A multiplexor was installed 

either on a suitable structure at an agreed location, or on a suitable bracket using 8 

mm expanding anchor bolts.  Sensors were connected to the multiplexor via cable 

glands. Each sensor was terminated with bootlace ferrules and connected to the 

required sensor channel as illustrated in Figure 2 below. 

 

Figure 2 Typical Cell Installation 

7.2 Locations and Sensors Numbers 

The locations of all hydrostatic levelling cells and reference reservoirs and associated 

information were recorded, together with the sensor serial number. The as-built 

positions of the data and logger boxes and cabling were also noted. The information 
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was lodged with the photographic condition survey. The sensor locations were plotted 

on appropriate CAD drawings for display using gtcVisual. 

7.3 Calibration 

Once fully installed, the system was energised and a set of readings taken to ensure 

that the sensors, data boxes and microprocessor were working correctly. Once the 

system was working correctly, temperature and sensor output were monitored to 

observe the effects of temperature on the readings. A thermal coefficient for each 

sensor was then calculated and applied. 

7.4 Validation 

Each sensor was disconnected in turn to check that it had been installed into the 

correct channel.  Water was then added to the water reservoir and the increase in 

height noted. The data from each sensor was then checked to ensure that the same 

difference (±0.15mm) was observed. 

7.5 Presentation Format 

Data from instruments was collected by gtcVisual via downloads from the site logger 

boxes. Data presentation was in both plain and graphical view. Other site 

measurements such as surveying can be added to the gtcVisual database. 

7.6 Decommissioning and Reinstatement 

Once the monitoring work were completed, all hardware was removed. Studs and 

bolts were cut flush and driven further in so that they were below the surface. The 

remaining void was filled with a suitable filling medium. 
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8 Summary and Deflection Results from the Site Investigation  

The Hydraulic Cell Levelling System monitoring vertical movement and temperature 

at Elephant and Castle site were removed from the block HC10 third floor slab in early 

January 2016 after 142 days of observing deflection on the slab using eight cells as 

described earlier. 

 

Figure 3 Deflection of Reinforced Concrete Slab, Site Investigation 

From (Figure 3), the location of cells can be clearly identified, the numbers in the blue 

boxes above are vertical movement in mm after 142 days of monitoring, and the 

numbers in orange boxes show the temperatures of each hydraulic cell level. 
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Figure 4 Deflection and Temperature Vs Time (Deflection of Concrete Slab) 

The deflection and temperature results are set out in Figure 4. The upper part of the 

graph shows the deflection results while the lower part shows the temperature results. 

The deflection and temperature results are colour coded in the graph and presented 

in Table 2 as follows: 

Table 2 Technical Data 

Deflection 

(Cell ID) 

Location 
(Figure 8.4) 

Colour code 
(Graph 8.1) 

Maximum 
value (mm) 

UWL01Z Cell 1  0(Benchmark) 

UWL02Z Cell 2  1.77 

UWL03Z Cell 3  3.12 

UWL04Z Cell 4  0.49 

UWL05Z Cell 5  -0.38 

UWL06Z Cell 6  -2.52 
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UWL07Z Cell 7  -2.94 

UWL08Z Cell 8  0.67 

UWL01CT Cell 1  9.04 

UWL02CT Cell 2  8.32 

UWL03CT Cell 3  7.71 

UWL04CT Cell 4  8.92 

UWL05CT Cell 5  9.53 

UWL06CT Cell 6  10.25 

 

The data indicate that the slab did not sag much at all due to the back propping for 

30 days.  It does seem, however, that the slab was sloping down from the corner by 

6 mm diagonally across the 12 m bay.  

A margin of deflection of around 2 mm occurred especially in the mid-span of the slab 

12 x 7 m corner bay in block H10C, particularly on cell no. 6 and cell no. 7, the 2 mm 

deflection occurred at the beginning of the investigation after back propping reinforced 

concrete corner  bay slab. The back propping was applied 7 days after pouring the 

slab. 

Slab monitoring started from a very early stage of the casting when the slab was still 

wet. The hydraulic levelling cells were positioned under the slab while the workers 

were pouring the rest of the third floor on the top. Figure 3 and Figure 4 illustrate that 

the slab was deformed by 2 mm, and it can be seen that the deflection started 

developing very slowly. Initially from 0 mm to 0.51 mm, and then by day 142 ending 

up at 2 mm. 

The conclusion of the site investigation is that the Eurocode 2 tabulated deflection 

values and calculation methods are acceptable, and the span-to-depth ratio method 
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is adequate to calculate the deflection. There is the potential, however, to reduce the 

thickness of the slab but the amount of reduction needs to be studied very carefully 

using various calculation methods, and this could itself be a research topic. 

 

 


